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Abstract 
 
Two experiments were conducted to evaluate the use of ethanol co-products, 
wet distillers grain (WDG) and condensed distillers soluble (CDS), in a swine liquid 
feeding system. The first experiment was conducted to evaluate the concentration of 
DE and ME and the apparent ileal digestibility (AID) and apparent total tract 
digestibility (ATTD) of energy and nutrients in WDG and CDS fed to growing pigs. 
Six dietary treatments were studied by replacing 15% and 30% of a corn soybean 
meal basal diet with WDG or a mixture of WDG or CDS. The experiment consisted 
of 10 days of adaptation and 4 days of sample collection. Our results indicated that 
digestibility of 15% CDS diet was significantly higher (P < 0.05) compared to 30% 
WDG diet.  DE and ME were higher in CDS compared to WDG. There was no 
significant difference in amino acid AID of diets. Lysine AID value of WDG was 
75% which was higher than reported DDGS values. CDS lysine AID was 58%. 
Higher lysine AID could be because WDG was not exposed to drying, which reduces 
lysine digestibility in DDGS. 
The second experiment was conducted to determine the ratio of WDG to CDS 
on the performance of wean to finish pigs fed via a computer-based automatic liquid 
feeding system. Four dietary treatments were compared by replacing 20% DDGS in 
the basal diet with same percentage (20%) of WDG or combination of WDG and 
CDS. Treatment 1, 20% DDGS, Treatment 2, 20% WDG, Treatment 3, 17% WDG + 
3% CDS, and Treatment 4, 14% WDG + 6% CDS. The experiment was conducted 
from 2 weeks post-weaning to finishing (126 days on trial), using a 5-phase feeding 
program. The overall ADG was 0.912, 0.934, 0.957, and 0.937 kg/d, ADFI on a dry 
matter basis 2.47, 2.2, 2.26, and 2.24 kg/d, and gain to feed ratio 0.33, 0.37, 0.38, and 
0.37, for Treatments 1 to 4, respectively. Overall ADG was higher (P = 0.05) in 
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Treatment 3 compared with the DDGS group. Overall, pigs fed diets containing WDG 
and/or CDS (Treatments 2, 3, and 4) had lower (P = 0.001) ADFI but higher G:F (P = 
0.001) compared with animals fed the control diet containing 20% DDGS. Thus, 
WDG and the combinations of WDG and CDS have beneficial effect on growth 
performance compared with DDGS. 
 
Keyword; Pig, liquid feeding, digestibility, growth performance 
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Chapter 1 Introduction 
Application of swine liquid feed has been practiced since 1814 (Russell et al., 
1996). Recently it has elicited great interest due to automation of liquid feeding 
systems. Swine liquid feeding is an emerging technology in North America, although 
it is common practice in other regions of the world especially in Western Europe and 
Brazil (de Lange and Zhu, 2004). Liquid feeding systems typically include a central 
feed mixing tank and a series of pumps and pipes to deliver liquid feed to individual 
feeding troughs. Liquid feed usually contains 20 to 30% dry matter content, and some 
liquid feed systems allow partial fermentation of ingredients, resulting in the 
production of organic acids and proliferation of beneficial bacteria, such as 
Lactobacillus acidophilus (Braun and de Lange, 2004; de Lange et al., 2006).  
Traditionally liquid feed has been prepared and delivered by manually mixing 
dry feed with water. Advances in technology has  improved automated feeding 
systems whereby liquid feed is prepared by mixing dry feed with co-products from 
food and/or ethanol plants and water. These ingredients are automatically mixed using 
a central mixing tank and delivered using high pressure air through pipes to feed 
troughs. Liquid feeding systems incorporate computer-based programs which allow 
producers to modify feed composition depending on the availability of feed 
ingredients. This application allows the flexibility to provide diets to meet the nutrient 
requirement of pigs through a multiple-phase feeding regime. There are several 
advantages of feeding pigs in liquid form as compared to dry form, such as improved 
gut health, use of inexpensive co-products from the food and bio-fuel industry, 
flexibility and ease of feed delivery, and manipulation of feeding value of ingredients 
with enzymes and microbial inoculants (Scholten et al., 1999; Brooks et al., 2001; 
Van Winsen et al., 2001). These benefits could improve growth performance and feed 
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efficiency and reduce the reliance on in-feed antibiotics, which ultimately would 
reduce public concerns about in-feed antibiotics on pork production and pork products 
(Jensen and Mikkelsen, 1998; Brooks et al., 2001; Van Winsen et al., 2001). 
However, the majority of these benefits have been documented in European research 
where pigs are fed barley and wheat based diets, but the benefits may not be the same 
for pigs fed corn based diets (de Lange, 2012). Liquid feeding of newly weaned pigs 
using corn-based ethanol co-products has not been adequately studied. Most of the 
studies done in Europe were based on wheat and barley diets with liquid feed co-
products sources mostly from food and dairy industries, and results have been 
variable. For example, Russell et al. (1996) and Kim et al. (2001) documented 
improved growth performance. In contrast, Lawlor et al. (2002) found no benefits of 
liquid feeding on the growth performance of newly weaned piglets.  
Many studies have been conducted to investigate the efficacy of ethanol co-
products in liquid feeding systems. However, no study has been performed to 
determine the optimal ratio of several ethanol co-products for liquid feeding. Ethanol 
plants produce wet and liquid co-products which are ultimately dried for use in dry 
feeding programs. Utilizing the wet feed could be an alternative in swine diets which 
could reduce cost of feed and labor. The objective of the first project was to determine 
the digestible energy, metabolizable energy (ME) and nutrient digestibility in wet 
distillers grains (WDG) and condensed distillers solubles (CDS) fed to growing-
finishing pigs. 
The objective of the second study was to determine the optimal ratio of WDG 
and CDS based on growth performance and carcass characteristics of pigs fed WDG, 
CDS and a combination WDG/CDS.  
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Literature review 
1. Introduction 
Weaning is a complex stage in the pig’s life. It involves a transition of the 
young pig from a liquid diet, of around 20% DM, to a composite diet with around 
85% DM usually offered in pelleted form (Brooks et al., 2001).  In the wild pig, 
weaning encompasses a gradual transition from a liquid diet, exclusively based on 
sow milk, to a solid diet, over a period of 13 weeks post-partum (Lalles et al., 2006).  
  Modern commercial pig farms require efficiency for maximum production, 
and weaning is usually done within 14 – 28 days of age, which pose more challenges 
to the pig. The young pig starts to develop the capacity to digest non-milk feed 
ingredients between 2-4 weeks after birth (Whittemore et al., 2001).  Low voluntary 
feed intake associated with poor growth after weaning is one of the major limitations 
to efficiency in pig production (Pluske et al., 1997). The newly weaned pig poses the 
principal management challenge on many pig production units. Even piglets that have 
been growing at 300 g per day, while suckling the sow often grow at half that rate, or 
less, in the week after weaning. Consequently, growth is compromised with negative 
or no growth (Brooks et al., 2001). An immediate reduction in growth rate of piglets 
after weaning, known as ‘post-weaning growth check’, is commonly observed in 
wean-finish pig production systems. This inhibition of piglet growth rate is associated 
with reduced feed intake (Bark et al., 1986; McCracken et al., 1995). Poor growth 
also leads to subsequent problems in the growing and finishing phases such as an 
increase in days to market and variation in performance.  
Regardless of large volume of information from literature dealing with the 
nutritional, behavioral, health and environmental needs of the weaned pig, it is 
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obvious that the post weaning growth check still represents a major production 
problem (Pluske et al., 1997).  Noticeable changes that occur after weaning in the gut 
structure and function, include; villus atrophy and crypt hyperplasia, which associated 
with temporary decrease in the digestive and absorptive capacity of the small intestine 
(Pluske et al., 1997). 
Liquid feeding has been reported to contribute to improved feed utilization, 
growth performance, and feed digestibility (Russell et al., 1996; Geary et al., 1998; 
Kim et al., 2001; Brook et al., 1996; Jensen and Mikkelsen, 1998). However, contrary 
results have been reported, that using liquid feeding has no particular benefits in 
growth performance (Lawlor et al., 2002; Pedersen et al., 2005; de Lange, 2006). 
Another suggested benefit associated with feeding diets in a liquid form is that piglets 
are provided with water and feed simultaneously (Brooks et al., 2001; Brooks and 
Tsourgiannis, 2003; Russell et al., 1996; Brooks et al., 2003a; Brooks, 2008). Thus, 
the piglets do not need separate training for feeding and drinking (Partridge and Gill, 
1993; Russell et al., 1996).  Some pigs may find a drinker within a few minutes after 
entering a pen, while others may take more than 24 hours, long enough to incur 
symptoms of dehydration (Barber, 1992). Providing the feed in a liquid form most 
often results in a higher feed intake after weaning (Russell et al., 1996). The optimal 
dry matter content of liquid feed varies with the pig’s stage of growth, feed 
composition, and environmental conditions. In newly-weaned pigs, DM content of 
liquid feed should be maximized due to physical feed intake capacity, which limits 
nutrient intake (Geary et al., 1996; Russell et al., 1996). 
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A major ingredient in US Swine feed is corn. At present corn is increasingly 
being utilized for ethanol production in the Mid-Western US states, leading to 
increasing cost of pig feed. However, the use of corn in ethanol production also 
results in the generation of co-products that have the potential to be used for feeding 
pigs. One co-product of dry ethanol production is corn distiller’s solubles. This co-
product is added to wet distiller grains (WDG) to produce wet distiller grains and 
solubles (WDGS). WDGS is then dried to produce distillers dried grains and solubles 
(DDGS), to avoid deterioration in quality. However, the drying process is energy 
consuming. WDG and WDGS are usually used in ruminant feed (Ham et al., 1994). 
Despite the nutritional advantages of the by-products of the ethanol industry, 
their inclusion in swine feed remains a big challenge owing to logistical and practical 
limitations of the existing mechanical swine feeding systems. One study at the 
University of Minnesota (Johnston et al., 2007) indicated the practical problems such 
as reduced flowability of using the by-products (DDGS) from the ethanol industry. It 
is also important to evaluate the performance and welfare of pigs fed these by-
products in the liquid form before recommendations can be made for field use. Fresh 
CDS contain 30% dry matter and, on a dry matter basis, 22% protein, 19% fat, 8.4% 
ash, 1.4% phosphorus, 10% starch, and about 6% soluble sugars and the feeding value 
of CDS may be captured more fully, and drying costs, reduced when condensed CDS 
is fed in a liquid form to pigs (de Lange, et al., 2007).  Wet distillers grain also 
contains 30 to 35% DM and fiber 44%, fat 15%, protein 30%, and minerals 3% on a 
DM basis (Weiss et al., 2007; Ham et al., 1994).  
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In various studies conducted at the University of Guelph, the feeding values of 
CDS, corn steep water (CSW) and whey permeate have been broadly evaluated. They 
reported that  use of CDS and CSW had less effect on growth performance and 
carcass quality when used at 15% or less diet DM content, while whey permeate can 
increase growth performance at an inclusion rate of 20% dry matter content in phase 
II and Phase III nursery diets (de Lange et al., 2006). To best utilize liquid co-
products from ethanol plants one has to consider better ways of delivering feed to the 
pig’s trough. Nowadays specialized automated liquid feeding systems are being 
widely used in Europe. These systems are progressing in achieving efficient pig 
feeding, in relation to feed cost, management practices and overall production. 
However specialized liquid feeding equipment requires higher initial cost and 
ingredient storage capacity to utilize liquid feed ingredients (de Lange, 2012). 
Therefore, liquid feeding is an alternative to dry feeding, which could have the 
potential to improve pig performance compared to dry feed. In this literature review 
potential benefits of fermented and non-fermented liquid feeding, and the co- products 
involved in this feeding system will be explored. 
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2. Liquid feeding 
Liquid feeding creates an opportunity to increase the use of alternative feed 
ingredients from human food and biofuel industries. Liquid residues from these 
industries usually contain low dry matter and tend to have variable chemical 
composition between batches and among samples from different plants. Considering 
these factors during formulation, however, productivity and profitability can be 
maintained or even increased (Brooks et al., 2001). 
Unlike the small holder farmer pig production in East Asia, liquid feeding 
application in intensive pig production requires suitable equipment in the modern 
units to maintain the feed in a hygienic and palatable condition (English et al., 1996). 
Many reviews of liquid feeding in pigs have been published in the past decade (Jensen 
and Mikkelsen, 1998; Brooks, 1999; Brooks et al., 2001). Results showed benefits of 
using liquid feed. However, based on growth performance of high health status pigs, 
corn-based diets fed to growing-finishing pigs have shown limited benefit of liquid 
feeding, in contrast to European, where swine liquid feeding research is focused on 
wheat and barley based feed (de Lange, 2012). These data suggest that liquid feeding 
dry ground corn is equivalent to feeding pelleted corn-based feeds. However, when 
comparing liquid feeding results from different research studies, it is crucial to 
consider liquid feeding practices such as soaking time, feeding management and feed 
wastage (de Lange, 2012).  
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2.1. Definition 
It is important to define liquid feeding and differentiate it from other feeding 
systems, such as dry feeding, wet/dry feeding and paste feeding. Dry feeding is the 
common feeding practice for pig production using feed in mash form or pellet form, 
while wet/dry feeding enables feed and water to be available in the same feeder 
named single space wet/dry feeder (SSWD) with a nose-operated valve. However, 
paste feeding is the preparation of the diet in a feed - to - water ratio of 1:1 to 1:1.5 
forming a paste material (Liptrap and Hogberg, 1992). 
 
2.2. Utilization of liquid co-product 
Liquid feeding reduces disposal cost of co-products thus maintain a cleaner 
environment in addition to the opportunities it provides (Scholten et al., 1999). 
Modern liquid feeding has been applied in Europe for more than one decade and 
continues to increase. The Netherlands provides the best example of co-product 
utilization, where it has been estimated that, about 6.5 million tons of co–products are 
used directly on farms annually (de Haas, 1998).  Detailed data comparable to that 
from The Netherlands are not available from other countries, but using information 
from trade sources,  it could be estimated at least 30% of all pigs in the EU are fed 
liquid diets and a majority of these incorporate at least some dairy by-products (Table 
1.1; EFSA, 2006). Outside Europe, liquid feeding of swine has increased in North 
America, for instance in Ontario, Canada, where 20% of growing-finishing pigs are 
currently raised on liquid feeding system (SLFA, 2007). 
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Table 1.1 Pig numbers and estimated market shares of liquid feeding (dairy and other 
products) in some European Countries 
    The share of liquid feeding  
Country  Pig no x 10
6
 All pigs categories % fed Sows % fed 
Iceland - 70 0 
Denmark 13.4 60 30 
Finland 1.4 60 20 
Switzerland - 50-60 30 
The Netherlands 11.1 50 15 
Ireland 1.8 40-50 20 
Italy 1.9 40 5-10 
Sweden 15.3 30 10 
France 1.9 30 5-10 
Austria 3.1 30 5-10 
Germany 26.3 30 3-5 
Norway 0.0 25-30 2 
UK 4.8 20 10 
Belgium 6.3 10 2 
Greece 1.0 10 2 
Spain 25.4 1 - 
Portugal 2.3 - - 
EU-25 151.6 30 - 
 
(EFSA, 2006) 
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Variability in the nutrient values of co-products is an issue to nutritionists 
while formulating diets (Brooks, 2001). Scholten et al. (1999) investigated the 
inclusion of a combination of liquid wheat starch (LWS), potato steam peel (PSP) and 
cheese whey (CW) in pig diets, having same energy content and nutrient levels. The 
results showed that it was possible to include 35% and 55% of these co-products on a 
DM basis in growing and finishing pigs, respectively, at a water to feed ratio of 2.6:1 
without compromising growth performance. Braun and de Lange (2004) also reported 
higher variability with corn co-products and suggested frequent sampling and analysis 
in order to enable accurate formulation of diets. Additionally co- products tends to 
have high mineral content, so it is necessary for the pigs to be provided with 
additional  free access to water, to maintain their homeostatic balance (Brooks and 
Carpenter, 1990). 
Usually, farms adopting liquid feeding systems tend to be centered near areas 
where liquid co-products from food industries or biofuel industries are readily 
available, thus reducing the transportation cost and improving profit. Moving liquid 
co-products long distances could be expensive.  
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2.3. Design of modern liquid feeding system 
 
Brooks (1999) described modern liquid feeding system as; computer 
controlled, capable of  preparing diets from dry and liquid components with the 
flexibility to  prepare any number or variety of meals per day or feed pigs ad libitum 
change any or all the parameters from one batch mixing to the next. 
There appears to be many liquid feeding systems used around the globe, 
ranging from simple manual to automatic mixing and delivery systems. Automatic 
feeding systems are equipped with computer controlled feed preparation and delivery 
systems, and sensors which control feed delivery (Columbus et al., 2006; Big 
Dutchman, 2012). According to de Lange (2012), automated feeding system requires 
computer and engineering skills that differ, based on your ingredient choice or 
condition of the farm. However there are some common aspects to most commercial 
liquid feeding systems such as;- (1) a central feed mixing tank and residue tanks to 
separate different batches of feed, (2) tanks for controlled steeping or fermentation of 
liquid feed ingredients or mixed liquid feeds, (3) delivery of liquid feed to feeding 
troughs and (4) design of feeding troughs.  
A key feature of an automated liquid feeding system is to have absolute control 
and monitoring of feed intake and feeding programs. Practices such as split-sex 
feeding, phase or blend feeding, introduction of new (liquid) feed or modest feed 
intake restriction prior to slaughter, are easily implemented when using modern liquid 
feeding systems. Moreover, sudden feed intake changes related to onset of disease can 
be identified rapidly. Installation of a liquid feed system would solve these limitations 
and be economically viable in reducing feed cost (de Lange, 2012). 
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3. Liquid versus dry feeding 
The European liquid feeding system mostly depends on fermented liquid feed, 
which has benefits compared to dry feeding in swine production. These benefits 
include improved nutrient utilization, flexibility and control of feeding programs, 
utilization of inexpensive liquid by-products, reduced environmental impact, and 
improved animal performance (Jensen and Mikkelsen, 1998; Russell et al., 1996; 
Canibe and Jensen, 2003; Brooks et al., 2001).  Liquid feeding may also enhance gut 
health, lessen the need for feed medications, and improve animal well-being (Brooks 
et al., 2001; Canibe and Jensen, 2003). Several studies have reported food safety 
benefits as well in terms of a lower Salmonella seroprevalence  in blood samples of 
finisher pigs fed on liquid feed compared to pigs fed on dry feed (van der Woolf et al., 
2001; MLC, 2004; Farzan et al., 2006). 
Other studies have also indicated health benefits of liquid feeding. A study by 
Scott et al. (2007) reported that liquid feeding of grow-finish pigs lowered gastric 
ulcer scores at slaughter compared to dry pellet feeding and other authors also 
reported that ileal, cecal and colon digesta samples from liquid fed pigs had lower 
coliform ratios, indicating improved gut health (Hillman et al., 2004; MLC, 2004). 
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Brooks et al. (2001) summarized the advantages of liquid feeding as follows; 
 Reduction of feed cost 
 Improvement in the pig's environment and health due to the reduction of dust 
in the atmosphere 
 Improved pig performance and feed efficiency 
 Flexibility in raw material use thanks to utilizing more economic liquid co-
products 
 Improved material handling (system can act as both a feed mixing and 
distribution system) 
 Increased accuracy of rationing (computer control brings a degree of accuracy 
to the system that is difficult to emulate with dry feeding systems) 
 Improved DM intake in weaned pigs and lactating sows 
 Improved feed intake at high ambient temperature 
The benefits of liquid feeding over dry feeding have been long been 
established. Braude (1972) reviewed 61 studies and concluded that wet feeding was 
superior to dry feeding in most studies with the exception of just a few which found 
no differences in performance.  Other studies reported from 1972 to 2004 which are 
summarized in table 1.2 showed the advantages of liquid feeding over dry feeding in 
ADG and F: G ration.  
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Table 1.2 Comparing liquid feeding versus dry feeding for pigs growth performance 
and carcass quality.  
 
Average daily gain Feed-gain ratio Carcass quality Reference 
+ + 0 Kneale, 1971 
+ + 0 Smith, 1976 
+ 0 NF Bradue and Newport, 1977 
+ NF NF Lecce et al., 1979 
0 - NF Kornegay et al., 1981 
+ + - Patterson, 1989 
+ + NF Patridge et al., 1992 
+ + NF Upton, 1993 
+ + NF Pluske et al., 1996a 
+ + NF Pluske et al., 1996b 
+ + NF  Kim et al., 2001 
0 0 NF Lawlor et al., 2002 
+ 0 NF Canibe and Jensen, 2003 
+ - NF Choct et al., 2004b 
Note + Liquid is better ;  - dry is better ; 0 No difference ; NF No information 
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4. Common Co-products from Food industries used in Liquid 
Feeding Systems 
 
Liquid feeding for swine diets can use ingredients from a wide range of 
sources such as food industries, milk processing, and candy, bakery and alcohol 
production products. Limited nutritional information is available for some products, 
and there is concern on their variability of contents. Many products also have not been 
evaluated for pathogens or harmful chemicals and may represent a food safety risk 
(Brooks et al., 2001). The following co-products have been used in pig production in 
different countries and are potential ingredients for use in liquid feeding system. 
4.1. Liquid Whey 
 
Whey is the by-product from cheese production (Crawshaw, 2001). One unit 
of cheese and 9 units of whey are produced from every 10 units of whole milk. Whey 
typically has a pH of 5. If it has not been treated with excessive heat, whey contains 
highly digestible protein and is an excellent, highly digestible energy source for 
young pigs, because it contains approximately 60% lactose. However, due to the 
decreasing ability of the pig to effectively digest lactose after weaning, digestive upset 
can occur in older pigs when it is included in liquid feed or fed at high dietary levels. 
Additional access of water should also be provided to avoid salt toxicity due to high 
salt content (Braun and de Lange, 2004). 
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4.2. Brewer’s Wet Yeast (BWY) 
 
Fresh brewer’s yeast is produced by removal of the culture from the 
fermenting beer wort by flocculation or sedimentation. After separation of yeast from 
beer, it will have 30% DM, after pressing to remove any remaining beer. Brewer’s 
yeast  contains active yeast which may cause further fermentation and frothing during 
storage  the buildup of pressure in liquid feed lines and bloating of pigs As a result, 
organic acids should be added to deactivate yeast or heating should be applied to kill 
live yeast prior to shipping (Ruis, 2003). 
 
Fresh brewer’s yeast is an excellent source of protein of high biological value 
and digestibility. It is high in B complex vitamins, and a rich source of enzymes and 
cofactors that can be fed to pigs to enhance productivity (Kornegay et al., 1995).  It is 
usually added at a rate of 2-5% in swine diets but can be used to replace up to 80% of 
the protein if it is inexpensive. Good growth performance can be achieved when 
feeding wet brewer’s yeast but the response varies with the stage of production when 
it is fed (Van Heugten et al., 2003; Braun and de Lange, 2004).  
 
4.3. Sugar Syrup 
 
Sugar syrup contains approximately 65% DM and is high in energy but 
essentially low in protein, vitamins, and minerals. High sugar content can cause 
digestive upsets in pigs and therefore, should be limited to no more than 5% of the 
diet (de Lange et al., 2006). 
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4.4. Bakery Waste 
 
Bakery waste includes bread, cookies, crackers and other confectionaries and 
can vary markedly in nutrient content depending on the type of food by-products in 
the mixture. Bread is high in energy but may require special handling equipment to 
remove wrappers. Bread meal should be limited to no more than 30% of DM intake 
for pigs. Cookies and crackers can contain high amounts of fat and sugars making 
them excellent energy sources. Depending on the type of bakery product, salt content 
can be relatively high and should be taken into account when formulating the liquid 
feed supplements. It is usually about 90% dry matter, 10% protein, <1% crude fiber 
and 3-5% ash. It can replace all grain in the swine diet (de Lange et al., 2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 18 
 
5.  Liquid Co-products from the Ethanol Industry 
 
Ethanol co-products can be generated from several sources, including grains 
(corn, sorghum, barley, wheat, etc.), lignocellulosic-biomass (wheat straw, corn 
stover, switch grass), or from other sources like sugar cane (Klopfenstein et al., 2008). 
In the US, corn grain is used to produce ethanol as it is good source of starch for 
fermentation (Klopfenstein et al., 2008). 
 
Currently in U.S there are two ethanol production processes, dry-grind and wet 
mill production. The majority of ethanol produced today is from dry-grind ethanol 
plants, which constitute 82% of ethanol production, whereas, wet milling, constitute 
18% of ethanol production (RFA, 2007). The dry-grind production process (Figure 
1.1) consists of a relatively simple sequence of procedures, including grinding, 
cooking, liquefying, saccharifying, fermenting and distilling to produces ethanol, 
distillers grains and carbon dioxide (Rosentrater and Kongar, 2009). The byproducts 
from dry grind include wet distillers grain, condensed distillers solubles (CDS), 
modified wet distillers grain, dried distillers grain (DDG), and dried distillers grain 
with solubles (DDGS) (Shurson, et al.,  2012). Distiller’s grains are good sources of 
both protein and energy, because, the nutrients remaining after extraction of starch are 
concentrated threefold (Klopfenstein, 1996; Klopfenstein et al., 2007). The wet 
milling production process (Figure 1.2)  is a complex process designed to recover and 
purify  starch and several co-products, and  produces ethanol, corn gluten feed, corn 
gluten meal, steep water, corn germ meal, crude corn oil and condensed fermented 
extractive (Ramirez et al., 2008; Shurson et al., 2012).  
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Figure 1. 1 Dry grind ethanol production process and co-products 
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Figure 1. 2. Wet milling ethanol production process and co-products 
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According to Shurson (2006) “Ethanol plants prefer to market wet by-products due to 
rising fuel costs and challenges associated with drying the condensed solubles. On the 
other hand, U.S. pork producers are searching for ways to reduce feed costs due to 
record high feed ingredient prices. As a result, U.S. pork producers are beginning to 
use liquid feeding systems to utilize relatively low cost liquid by-products from the 
ethanol industry”. Among the cheaper co-products from ethanol plants, the two major 
liquid co-products from both dry grind and wet milling are CDS and CSW, which are 
typically dried and included in DDGS and corn gluten feed, respectively (Fontaine et 
al., 2007). These liquid co-products have been evaluated for use in swine liquid 
feeding systems (de Lange et al., 2006). According to Braun and de Lange (2004), 
CSW contains approximately 50% CP and 3.3% P, 0.5% oil (Table 1.3); whereas 
CDS contains 18.9%, 22.3% CP and 1.43% P. CSW is markedly higher in CP and 
phosphorus than CDS. However, nearly 80% of the phosphorus in corn steep water is 
bound as phytate and hence inaccessible to pigs unless phytase enzyme is added to 
improve digestibility. Besides, CSW is noticeably lower in energy than CDS due to 
the low fat content. 
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Table 1.3 Nutrient compositions of condensed distillers soluble and corn steep water 
(100% DM basis) 
Item Corn CDS Corn Steep Water 
N(trials) 5.0 3.0 
Dry matter, % 30.5 45.0 
Crude protein, %  22.3 50.0 
Crude fat, % 18.9 0.5 
Ash, % 8.4 18.0 
Ca,% 0.04 - 
P,% 1.4 3.3 
Na,% 0.2 - 
K,% - 5.0 
pH 3.7 4.3 
 
Source based on (Braun and de Lange., 2004) and (Niven et al., 2006) 
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5.1. Corn Distiller Solubles (CDS) 
 
Corn distillers soluble is a liquid co-product of corn distillation through yeast 
fermentation of mash corn. During the fermentation process, the corn starch granules 
are almost entirely converted to alcohol and carbon dioxide. The mash remaining after 
the fermentation process is centrifuged and most of the liquid is removed. The 
remaining liquid is the distiller solubles and thin stillage. The liquid is either dried or 
condensed. Generally the dried product is included with corn distiller grains (Shurson, 
2004). The condensed product is the CDS, which is rich in fat, protein, minerals and 
vitamins. CDS may contain yeast cells and other unidentified nutrients resulting from 
the fermentation process. Typically, CDS is about 30% DM, 18.7% protein and 
12.07% fat, ash 8.7% on a dry matter basis (NRC, 2012). There is very little research 
on this product. Squire (2005) reported reduced feed palatability in growing pigs 
when CDS inclusion was more than 15.0%. Poor palatability was believed to improve 
following inoculation of CDS with lactobacillus or other (Squire, 2005). 
 In a grower pig performance study (Table1.4), feeding non-fermented CDS 
resulted in significant reduction in growth performance; while pigs fed the fermented 
product did not differ from the controls (Squire et al., 2004). Fermented CDS 
apparently provided more beneficial lactic acid and lactic acid bacteria (LAB) to the 
pigs, which improved feed and nutrient utilization (Squire et al., 2004). The 
digestibility of energy and protein was slightly reduced in pigs fed fermented CDS 
but, digestibility of fat was increased in pigs fed CDS containing diets, indicating that 
fat in CDS is highly digestible (Squire et al., 2004). 
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Table 1.4 Growth performance and nutrient digestibility of piglets fed liquid diets fed 
CSBM with 15% fermented and non-fermented CDS (DM basis) 
  
      
  Control 
Non-fermented 
CDS 
Fermented 
CDS 
No. Pens 6.0 6.0 6.0 
Initial body weight, kg 23.5 23.3 23.4 
Final body weight, kg 50.1
a
 47.5
b
 48.6
ab
 
ADG, g/d 952
a
 858 898 
ADFI kg/d 1.6
a
 1.5
b
 1.6
a
 
Feed: Gain 1.7 1.7 1.8 
Energy digestibility,% 81.6
ab
 82.5
a
 79.9
b
 
Protein digestibility, % 80.9
b
 85.4
a
 85.4
a
 
ab,
Means within a row without common superscripts differ (P < 0.05). 
Source: de Lange et al, (2006) 
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5.2. Wet Distillers Grains (WDG) 
 
Once fermentation of corn-starch is complete ethanol and carbon dioxide 
(CO2) are produced. Ethanol is distilled and the remaining liquid is centrifuged. The 
residue left after centrifugation is called WDG. This distiller’s grain contains of 30 to 
35% dry matter (DM), fiber (44%), fat (15%), protein (30%), and mineral (3%) 
(Weiss et al., 2007; Ham et al., 1994). Due to its high moisture level WDG has high 
risk of molding during storage, hence avoiding longer storage times and addition of 
preservatives could minimize molding.  
Thin stillage (5 to 10% DM) which comes after the centrifugation step is 
evaporated to produce condensed distiller’s solubles (CDS) are then added to WDG to 
produce wet distillers grains with solubles (WDGS, 30 to 35% DM) (Stock et al., 
2000) or dried to produce DDGS. The drying process, however, increases the energy 
costs incurred by the ethanol plant and may produce changes that reduce the 
nutritional value of the product (Kinman et al., 2011).  There is little  information 
available on the use of WDG in swine feed, but, it has been effectively used as a 
protein and energy source for ruminants (Firkins et al., 1985, Ham et al., 1994). From 
an ongoing preliminary experiment done at the University of Minnesota, Baidoo et al. 
(2014) observed positive results in growth performance on pigs fed 25 - 30% WDG. 
Despite the benefits derived from these co-products, WDG typically have the 
tendency to deteriorate (DM loss) within a short time during storage. Nevertheless, 
research has suggested that high moisture distiller’s grains have higher energy value 
per unit dry matter than dried distiller’s grains (Loy and Strohbehn, 2007). 
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5.3. Corn Steep Water (CSW) 
 
Pigs may utilize nutrients in steep water more efficiently. On analysis, CSW  
was found to have a pH of 4.3, contain 45% DM and, on a DM basis, 50% crude 
protein, 2% lysine, 18.0% ash, 5% potassium, 3.3% phosphorus (about 80% of which 
is bound in phytate), 1.5% magnesium, 0.5% crude fat and 20% lactic acid (Niven et 
al., 2006c). In a preliminary study Niven et al. (2006) reported that growth rate and 
feed conversion ratio were numerically improved after pigs were fed liquid diets 
containing 5% CSW, while 10% CSW numerically reduced their performance. In a 
larger study, de Lange et al. (2006) showed that when pigs were fed liquid diets 
containing 0, 7.5, or 15% phytase treated CSW, average daily gain, average daily feed 
intake, and feed: gain were not significantly affected, but adding 22.5% CSW resulted 
in reduced performance (Table 1.5). According to de Lange et al. (2006), no 
significant effects were observed for dietary inclusion level of CSW for carcass 
weight, loin depth, backfat depth, and lean yield. 
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Table 1.5 Growth performance and carcass characteristics of piglets fed different level 
of liquid CSW  
  
      
  0% SW 7.5% SW 
15% 
SW 
No. of pens  4 4 4 
Initial BW., kg 69.1 68.8 68.8 
Final BW., kg 108.3 104.6 107.7 
ADG, g/d 1191
a
 1080
a
 1063
a
 
ADFI kg/d 2.76
a
 2.49
ab
 2.58
ab
 
Feed : Gain 2.33
a
 2.30
a
 2.42
ab
 
Carcass wt., kg 86.3 82.7 83.4 
Loin depth, mm 58.2 58.9 56.4 
     
a,b
Means within rows with different superscript differ (P < 0.05). 
 
Source: (de Lange et al., 2006) 
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6. Fermentation of liquid feed (FLF) 
The use of microbial fermentation to conserve or improve food is one of the 
oldest ways of food processing and preservation. Human population around the world 
have  used  microbes to prepare food products for thousands of years and majority 
have wide range of fermented foods and beverages which contributed significantly to 
their diet (Achi, 2005).  
Generally fermented food has a longer shelf life than its original substrate 
(Adams and Mitchell, 2002) owing to the antimicrobial properties generated from the 
fermentation process. By definition, fermented liquid feed (FLF) is a feed mixed with 
water at a ratio of 1:1.5 to 1:4 and fermented to reach a steady condition (Brooks, 
2003). It is usually prepared by spontaneous fermentation or inclusion of starter 
culture of LAB as inoculants in the feed. 
 
6.1. Desired properties of FLF 
 
When feed is soaked in water for a certain length of time, lactic acid bacteria 
and yeasts naturally occurring in the ingredients proliferate and produce mainly lactic 
acid and acetic acid, which reduces the pH of the mixture ultimately preventing the 
proliferation of spoilage organisms and foodborne pathogens (Nout et al., 1989; 
Russell and Diez-Gonzales, 1998; van Winsen et al., 2001a). Enterobacteriaceae are 
usually active when incubated at 20
o
C and reach maximum level at 24 h, but with 
decreasing pH their level decreases as a result of increasing organic acids (Canibe and 
Jensen, 2011). FLF is assumed to be best when the fermentation, spontaneous or 
induced, yields stable and high numbers of LAB, stable and low pH (3.5–4.5), and 
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consequently low or nonexistent Enterobacteriaceae population (Geary et al., 1999; 
Brooks et al., 2003; Plumed-Ferrer et al., 2005).     
According to Canibe and Jensen (2003), the initial phase of fermentation is 
characterized by low levels of LAB, yeasts, and lactic acid, high pH, and, importantly, 
a blooming of enterobacteria. This phase is followed by a second phase, in which a 
steady state is reached, and also characterized by high levels of lactic acid bacteria, 
yeasts, and lactic acid, low pH, and low enterobacteria counts. Van Winsen et al. 
(2000) also showed that lactic acid is the main organic acid responsible for the 
antimicrobial effect of FLF. A fermentation product dominated with yeast is not 
desirable because it reduces feed intake (Plumed-Ferrer et al., 2008). Due to the 
production of high mixtures such as acetic acid, ethanol and amylic alcohols, FLF 
might have an unpleasant odor and/or taste (Brooks et al., 2003a; Canibe et al., 2007). 
Jensen and Mikkelsen (1998) found an inverse relationship between the concentration 
of yeast and enterobacteria in the gastro intestinal tract (GIT) of pigs. Therefore, high 
concentrations of yeasts in the FLF may also be beneficial. However, the population 
diversity of yeasts present in FLF is very high and deserves further investigation 
(Olstorpe et al., 2008). 
 
.  
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6.2. Effect of Fermented Liquid Feed (FLF) on GIT health 
 
There is growing evidence that liquid feed reduces gastrointestinal disorders 
and diarrhea. This appears to reduce the prevalence of Salmonella (Tielen et al., 1997; 
Pedersen et al., 1998; Braun and de Lange, 2004). Feeding FLF to piglets has been 
suggested as an approach to maintain high and consistent feed and water intake in the 
critical period after weaning. The fermentation of a liquid diet has been reported to 
affect the physiology, microbiology and morphology of the GIT (Van Winsen et al., 
2001b; Scholten et al., 2002; Canibe and Jensen, 2003). Feeding a liquid diet to pigs 
results in a reduction in pH and  increases lactic acid and volatile fatty acids (VFA) 
concentrations in the gastric digesta, as well as a decline of enterobacteriaceae all 
along the GIT, and in an improvement in villus / crypt ratio (van Winsen et al., 2001b; 
Scholten et al., 2002; Canibe and Jensen, 2003).  
Pedersen et al. (1998) examined the relationship between pH and temperature 
of liquid feed on the incidence of diarrhea. They highlighted that a higher incidence of 
diarrhea in herds occurred when the pH was above 4.6. The low pH of 3.5-4.5, along 
with high levels of lactic acid was associated with lower diarrhea incidence. These 
authors attributed the effect of suppressing Salmonella prevalence to the antimicrobial 
effect of the organic acid, mostly lactic acid, present in the liquid residues or FLF 
resulting from the fermentation process by LAB. From the aforementioned 
information liquid feeding has a positive effect in GIT health and reduces incidence of 
Salmonella. In the Netherlands, for instance, it was found that farms on liquid feeding 
had 10 times lower incidences of salmonella than farm with dry diets (Tielen et al., 
1997). This effect had been associated with fermentation of the co-products by lactic 
acid bacteria resulting in lower pH due to significant quantities of lactic acid which 
inhibits proliferation of Salmonella in feed (Brook et al., 2001). 
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7. Water to feed ratio 
 
An important feature of a successful liquid feeding system is the water to feed 
ratio of the diet. This affects the DM content of diet and may also influence the intake 
and organic acid concentration of the feed. Research to confirm the ideal DM content 
of liquid diets is limited (Choct et al., 2004a). Generally, the water to feed ratio of LF 
or FLF can fluctuate between 1.5:1 and 4:1. A growing body of literature has 
demonstrated the importance of water to feed ratio (Gill et al., 1987; Barber et al., 
1991). Barber et al. (1991) as presented in Table 1.6 reported that DM digestibility 
increased linearly with the increasing water to feed ratio from 2:1 to 4:1.  
Table 1.6 Effect of water to feed ratio on diet digestibility   
          
   Water to feed ratio     
 
2 :1 2.67: 1 3.33:1 4 :1   
Dry matter digestibility (%) 79.1
a
 77.8
a
 80.3
a,b
 82.9
b
 
 
Estimated DE (MJ Kg
-1
) DM 15.1 14.9 15.4 15.8 
  
    a,bMeans within a row without common superscripts differ  (p < 0.05). 
(Barber et al., 1991) 
  Gill et al. (1987), also reported that decreasing water to feed ratio also had a 
beneficial effect on growth rate and feed conversion ratio.  It has been suggested that 
the change of water to feed ratio results in a reduction of viscosity of the digesta, and 
hence, allows for more contact between digesta and digestive enzymes (Brooks, 
1999). 
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Geary et al. (1996) also studied the performance of weaner pigs fed ad libitum 
a diet mixed with water to provide four different DM concentrations of 149, 179, 224 
and 255 g kg
-1
, over a four week period post-weaning. They concluded that weaner 
pigs would readily accept liquid feed with DM content in the range 255 to 149 g kg
- 1
 
and piglets on liquid diets were able to control dry matter intake through increasing 
total volumetric intake and regulation of their voluntary water intake from nipple 
drinkers.  
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8. Effect LF on growth performance 
Liquid feed has been seen to improve growth performance (Scholten, 1999).  
Kim (2001) also reported an improvement in DM intake and nutrient utilization. An 
increase in average daily feed intake is also associated with an increase in average 
daily gain. Jensen and Mikkelsen (1998) concluded that liquid feeding of newly 
weaned pigs resulted in 12% increase in ADG in comparison to dry feeding based on 
a review of several studies. Improving feed intake during the post-weaning period is 
very important in enhancing development of the small intestine and subsequent 
growth performance and in maintaining gut integrity and villus height (Deprez et al., 
1987; Pluske et al., 1997), thereby preventing the “growth lag” associated with 
weaning. However, feed to gain ratio was worse for nursery pigs fed LF or FLF 
compared with dry feed. The poor gain to feed ratio was attributed to increased feed 
wastage from poor trough design (Russell et al., 1996).  
However, Lawlor and Lynch (1999) reported that even with an improved 
trough design, weaned piglets fed FLF or LF still had a significantly lower feed 
conversion ratio compared with those fed dry feed. Originally, one of the major 
advantages of LF or FLF is that it enables the use of food industry liquid co-products 
and biofuel co-products. Scholten et al. (1999) have demonstrated that pigs fed liquid 
diet containing fermented co-products showed a significant improvement on average 
daily gain and feed conversion ratio compared to pigs on non-fermented liquid diet. 
Another study involving 1024 pigs, (MLC, 2004) showed that ad libitum liquid 
feeding improved average daily gain (ADG) and feed conversion ratio (FCR) by 5.6 
and 10.3% respectively, with no adverse effect on carcass characteristics.  
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 Most of previous research showing better performance of pigs fed liquid 
feeding than dry feeding used wheat and barley based diets. According to de Lange 
(2006), in a growing-finishing pig performance study, conventional dry feeding was 
compared to liquid feeding of dry corn or high moisture corn based diets (Table 1.7). 
Growth performance advantage of liquid feeding was not observed. However, feed 
efficiency was about 5% better when pigs were fed high moisture corn. This was in 
contrast to the studies at Stotfold research station from UK (MLC, 2005). These 
contrasting findings were related to the liquid feeding equipment (de Lange et al, 
2006). At the Stotfold unit, mixed feed was soaked in water in a mixing tank for 
several hours prior to delivery, while in the Big Dutchman Hydrojet system, feed was 
dispensed to the troughs within minutes after feed preparation. As previously 
mentioned benefit of liquid feeding may be smaller for corn-based diets than wheat 
and barley-based diets. Soaking may benefit more fibrous ingredients with 
endogenous phytase activity such as wheat and barley (de Lange, 2006). Hence more 
research on this subject could unveil the advantages that may be available in corn 
based co-products. 
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Table 1.7 Impact of feeding strategy on performance of growing finishing pigs 
  
      
  
Conventional feeding 
dry pellet feed 
Liquid feeding 
dry corn 
Liquid feeding high 
moisture corn 
Initial BW (kg) 23.5 23.7 23.4 
Final BW (kg) 104.7 105.8 104.2 
Gain (kg/d) 982 1011 1009 
Feed : Gain (88% DM) 2.63 2.64 2.51 
Carcass dressing (%) 82.2 80.4 82.5 
Carcass lean yield (%) 61.2 60.9 61 
Source (Columbus et al, 2006) 
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9. Conclusion 
 
Liquid feeding has a potential advantage for feeding pigs, especially young 
piglets, which are susceptible to stress soon after weaning. Growth check is a 
phenomenon where pigs face significant growth lag seen after weaning and is 
common on commercial farms. Liquid feeding has been reported to alleviate the 
nutritional stress occurred due to sudden change of liquid diet which is milk to dry 
diet. Most of the research on liquid feeding has been done in Europe with wheat and 
barley diets, and indicates benefits with respect to their production systems. With the 
adoption of automatic swine liquid feeding system in Europe there had been 
tremendous value in the swine production, especially after the ban of antibiotics use in 
Europe. The liquid system has been helpful in improving management and health 
status of pigs. In addition, they have been using cheap co-products from food 
industries, candy manufacturing, milk processing (whey, butter milk) and beakers and 
beverage industries.  
So far in North America, liquid feeding is at its rudimentary stage. Some efforts 
have been made recently in Ontario, Canada in 2004 to introduce liquid feeding to 
farmers. This has resulted in about 20% of grow to finish pigs being raised on liquid 
feed. In the US Mid-west in IA and MN, it is gaining interest due to increasing price 
of corn. With the increasing production of ethanol co-products (liquid / wet) there is 
greater potential to introduce and exploit the benefit of using liquid feed which 
ultimately may reduce cost of feed and increase production and profit.  
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Chapter 2 
 
 
 
Determination of energy and nutrient digestibility of corn-
ethanol co-products (WDG and CDS) in growing pigs 
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Summary 
 
An experiment was conducted to determine the concentration of DE and ME 
and the apparent ileal digestibility (AID) and apparent total tract digestibility (ATTD) 
of energy and nutrients in wet distillers grains (WDG) and condensed distillers 
soluble (CDS) fed to growing pigs. A total of 36 crossbred barrows (Topigs × 
Comparts Duroc) were selected with average initial body weight of 42 ± 1.8 kg. Pigs 
were allotted to 6 dietary treatment groups using a complete random block design. 
Dietary treatments included: 1) corn-soybean meal basal diet (CSBM); 2) CSBM + 
15% WDG; 3) CSBM + 30% WDG; 4) CSBM +15% CDS; 5) CSBM + 30% CDS; 6) 
CSBM + 15% CDS + 15% WDG on a DM basis.  DE and ME were higher in CDS 
than in WDG. The AID of lysine, methionine, threonine, and tryptophan was 75%, 
74%, 75%, and 78% in WDG, and 58%, 41%, 50%, and 48% in CDS, respectively. In 
conclusion liquid/wet ethanol co-products could serve as an alternative fed to pigs.   
 
 
Key words; Pig, liquid feeding, digestibility, WDG, CDS 
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Introduction  
 
Wet distillers grains (WDG) and condensed distillers solubles (CDS) are co-
products of the dry-grind ethanol industry. The WDG and CDS are typically blended 
and dried together to produce distillers dried grains with solubles (DDGS) 
(Klopfenstein et al., 2008). Usage of DDGS in swine diets has been increasing due to 
its relatively low cost and increased availability from the corn ethanol industry.  
However, inconsistency in energy and nutrient digestibility as a result of differences 
in chemical composition among DDGS sources have been reported (Spiehs et al., 
2002; Shurson and Alghamdi, 2008).   
 
Most starch in grain is converted to ethanol during the fermentation process 
and modest amount of starch is present in DDGS. As a result, the other nutrients in 
DDGS are three fold compared with corn. For instance, DDGS has 35% insoluble 
fiber and 6% soluble fiber, which leads to lower digestibility of fiber (Stein and 
Shurson, 2009), and GE of DDGS compared with corn (Pedersen et al., 2007a). 
Additionally total content and standardized ileal digestibility (SID) of Lys are 
inconsistent among sources of corn DDGS (Goodson and Fontaine, 2004; Stein and 
Shurson, 2009). Lysine digestibility is most variable among all the amino acids. This 
could be due to overheating of DDGS during the drying process by some ethanol 
plants, which results in the production of Maillard products resulting in low lysine 
digestibility (Pahm et al., 2008). Drying wet distiller’s grains is also expensive and 
may account for more than 40% of the energy costs incurred by the ethanol plants 
(Stock and Klopfenstein, 1982).  For that reason using the wet products (WDG and 
CDS) could be economically important to the swine industry, as this will minimize 
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the heating effect on DDGS, which will result in better lysine digestibility. Overall, 
alternative ingredients will take part in minimizing cost of feed for swine producers.  
 
Liquid feeding has been reported to improve feed utilization and substantially 
increase growth performance, and feed digestibility (Russell et al., 1996; Geary et al., 
1998; Kim et al., 2001; Brook et al., 1996; Jensen and Mikkelsen, 1998). Generally, 
the feed to water ratio of liquid feed can fluctuate between 1:1.5 and 1:4. Barber et al. 
(1991) reported that DM and energy digestibility increased linearly with the 
decreasing of feed to water ratio from 1:2 to 1:4. Two liquid co-products from the fuel 
ethanol industries which have been studied for use in swine diets are corn condensed 
distillers solubles (CDS) and corn steep water (de Lange et al., 2006). In a grower pig 
performance study, feeding fermented CDS apparently provided more beneficial 
lactic acid and LAB to the pigs, which improved feed and nutrient utilization, 
however, the digestibility of energy and protein was slightly reduced compared with 
pigs fed non-fermented CDS.  Digestibility of fat was increased in pigs fed CDS 
containing diets, indicating that fat in CDS is highly digestible (Squire et al., 2004). 
 
There is limited information on the digestibility of WDG and CDS. These 
ingredients and their combinations may improve digestibility of nutrients in swine. 
The objective of this study was to determine digestible energy (DE) and 
metabolizable energy (ME) and apparent ileal digestibility (AID) of amino acids in 
WDG and CDS for growing pigs. 
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Materials and Methods  
The University of Minnesota Institute of Animal Care and Use Committee approved 
the experimental protocol (IACUC # 1104A98947). 
 
Animal and Housing  
Thirty-six crossbred barrows (Topigs × Comparts Duroc) were selected with 
mean initial body weight of 42 ± 1.8 kg. Pigs were individually housed in stainless 
metabolic housing units (MHU) (2.0 m x 0.7 m) with slatted floors, equipped with 
water nipples providing free access to water. The MHU were fitted with individual 
water meters to determine water consumption per pig. The housing units had a fine 
mesh screen to allow for feces to be separated from urine. Stainless steel trays were 
inserted under the fine mesh screen to collect urine which funneled to a plastic bucket, 
with 4N formalin, for collection in an environmentally controlled metabolism facility. 
Pigs were allowed a 10 day adaptation period before the collection period. 
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Ingredients, Diets and Feeding 
 
The ethanol co-products WDG, DGGS, and CDS were obtained from Guardian 
Energy in Janesville, Minnesota. The analyzed nutrient composition is shown in Table 
2.1.  
 
Table 2.1 Chemical analysis of ethanol co-products (as fed basis) 
        
Item DDGS
1
 WDG
2
 CDS
3
 
DM, % 90.00 37.00 31.50 
GE, kcal/kg 4409 1968 1190 
CP, % 24.20 12.60 8.10 
NDF, % 27.50 16.60 0.32 
ADF, % 14.10 6.40 0.23 
Crude Fat, % 7.20 3.90 1.86 
Lysine, % 0.89 0.41 0.35 
Threonine, % 0.97 0.51 0.32 
Methionine, % 0.47 0.27 0.14 
 
1
 DDGS = distillers dried grains with solubles 
2
WDG = wet distillers grains 
3
 CDS = condensed distillers solubles 
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A corn-soybean meal (CSBM) basal diet presented in Table 2.2 served as the 
control diet and was formulated to meet or exceed NRC requirement for growing pigs 
(NRC 2012). Four other diets were formulated based on the CSBM with the addition 
of 15% or 30% WDG or CDS. The last diet was based on CSBM and 15% WDG and 
15% CDS. Celite was included in diets as an inert marker at 0.3%. Six dietary 
treatments were (1) CSBM basal diet A, (2) 85% basal diet B + 15% WDG, (3) 70% 
basal diet C + 30% WDG, (4) 85% basal diet B + 15% CDS, (5) 70% basal diet C + 
30% CDS, (6) 70% basal diet C + 15% WDG + 15% CDS  on a dry matter basis. The 
nutrient composition of the 6 experimental diets is shown in Table 2.2. 
 
 Pig BW was measured at the beginning of each feeding period and the 
calculated amount of feed, which was 4% of their BW, was divided into two equal 
daily rations and fed at 0800 h and 1600 h. The amount of feed provided to animals 
was recorded at each feeding time. Pigs were fed their respective diets for 14 d, with 
the first 10 d as an adaptation period and the last 4 d as the sample collection period. 
All pigs consumed all their feed throughout the entire adaptation and collection 
periods. Room temperature was maintained at 20 ± 1°C. Dry feed and co-product was 
mixed with manual concrete mixer. The amount of feed on the co-product was 
accounted for feed to water ratio of 40% to 60% respectively. Water meters were 
provided individually for each metabolism crates and water intake was measured 
daily before feeding.  
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Table 2.2 Composition of experimental basal diets (DM basis) 
Ingredients 
100% 
CSMB
1
 
15% 
WDG
2
 
30% 
WDG 
30% 
CDS
3
 
15% 
CDS 
15%WDG 
15%CDS 
Corn 72.09 61.21 50.31 50.31 61.21 50.31 
Soy bean meal 24.4 20.74 17.08 17.08 20.74 17.08 
WDG - 15.00 30.00 30.00 15.00 15.00 
CDS - - - - - 15.00 
Fat 0.56 0.48 0.39 0.39 0.48 0.39 
Vitamin-mineral 
premix 0.50 0.50 0.50 0.50 0.50 0.50 
Lysine HCL 0.15 0.13 0.11 0.11 0.13 0.11 
DL-Methionine 0.05 0.04 0.04 0.04 0.04 0.04 
Salt 0.30 0.26 0.21 0.21 0.26 0.21 
Lime stone 0.75 0.64 0.53 0.53 0.64 0.53 
Dicalcium phosphate 0.90 0.77 0.63 0.63 0.77 0.63 
Celite 0.30 0.26 0.21 0.21 0.26 0.21 
Total 100 100 100 100 100 100 
1
CSBM = corn soybean-meal; 
2
WDG = wet distillers grain; 
3
CDS = condensed 
distillers solubles 
Five diets where were made with replacement of the basal diet with 15 % of WDG or 
CDS, or replacement of the basal diet with 30 % of WDG, CDS, or 15% WDG +15% 
CDS. 
   The vitamin and trace mineral premix provided the following (per kg of diet):  
vitamin A,     11,000 IU; vitamin D3, 2,756 IU; vitamin E, 55 IU; vitamin B12, 55µg; 
riboflavin, 16,000 mg; pantothenic acid, 44.1 mg; niacin, 82.7 mg; Zn, 150 mg; Fe, 
175 mg; Mn, 60 mg; Cu, 17.5 mg; I, 2 mg; and Se, 0.3 mg 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 45 
 
Table 2.3 Analyzed chemical composition of diets (DM basis)  
                
Nutrients (%) 
100% 
CSBM
1
  
15% 
WDG
2
 
30% 
WDG 
15% 
CDS
2
 
30% 
CDS 
 15% WDG+ 
15% CDS 
GE (kcal/kg) 4290 4470 4382 4462 4682 4608 
 CP 18.89 21.62 23.75 23.13 23.25 26.10 
 NDF 11.31 16.63 21.33 12.76 14.12 17.16 
 ADF 3.52 4.06 5.11 5.38 4.59 6.27 
 FAT 3.31 5.86 6.22 6.81 6.02 6.57 
 ASH 4.60 4.40 4.39 4.23 4.49 4.19 
 
        Indispensable AA 
     
 Arg 1.04 1.08 1.09 1.24 1.02 1.26 
 Hist 0.50 0.53 0.60 0.58 0.53 0.67 
 Ile 0.76 0.83 0.96 0.84 0.75 1.01 
 Leu 1.70 2.06 2.65 1.81 1.68 2.45 
 Lys 0.91 0.96 1.05 0.90 0.67 1.12 
 Met 0.30 0.35 0.44 0.35 0.29 0.44 
 Phe 0.91 1.02 1.23 0.98 0.87 1.21 
 Thr 0.70 0.78 0.91 0.80 0.73 0.97 
 Trp 0.22 0.23 0.24 0.24 0.22 0.25 
 Val 0.84 0.95 1.13 0.96 0.88 1.18 
 Dispensable AA 
 
      Ala 0.98 1.23 1.59 1.10 1.04 1.49 
 Asp 1.83 1.82 1.93 1.92 1.60 2.04 
 Cys 0.26 0.31 0.39 0.34 0.31 0.42 
 Hyd 0.07 0.07 0.08 0.05 0.02 0.01 
 Tau 0.10 0.09 0.07 0.07 0.06 0.05 
 Glu 3.26 3.61 4.19 3.16 2.67 3.66 
 Gly 0.74 0.80 0.92 0.88 0.80 1.01 
 Pro 1.16 1.34 1.68 1.25 1.20 1.64 
 Ser 0.80 0.89 1.03 0.91 0.82 1.09 
               
 1CSBM = corn soybean-meal; 
2
WDG = wet distillers grain; 
3
CDS = condensed 
distillers solubles    
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Sample Collection 
 
The experiment consisted of a 4 day of collection period, following 10 days of 
adaptation; feces were collected twice a day after feeding by grab sampling and urine 
by total collection.  Urine and fecal collection trays were placed for collection of fecal 
and urine at the end of adaptation period. Feed samples were collected after mixing 
prior to feeding and stored at -20°C until further analysis. Fecal samples were 
collected twice daily by anal palpation of the pig to fecal output, into an aluminum 
pan and immediately stored at -20
O
C. Urine was also collected with buckets placed 
under the tray pan containing (10 ml of 4N of formaldehyde). Weight and volume 
were measured, and 10% of the urine stored at -20
O
C.  
At the end of the experiment, all pigs were bled from the jugular vein to 
collect 10 ml blood which was then immediately centrifuged at 1500rpm for 15 min, 
and the separated serum was stored at -20 
O
C for analysis of blood urea nitrogen 
(BUN). Pigs were anesthetized using Telazol 1mg/kg (Tiletamine HCL and 
Zolezepam HCL, Form Dodge Animal Health, Inc., IA, USA) and euthanized by 
sodium pentobarbital 50 mg/kg (Vedco, Inc, St Joseph, MO, U.S.A). After 
exsanguination for sample intestinal morphology analysis, about 10 cm of ileum was 
excised 40 to 50 cm proximal to the ileo-cecal junction. After flushing the ileum 
sample with phosphate buffered saline, both ends of the ileum were tied and 10% 
neutral buffered formalin (NBF) was injected slowly into the ileal lumen until it 
maintained its uniform round shape. Ileal digesta samples were collected from the 
distal ileum for measurement of pH, viscosity, and amino acid digestibility. Stomach 
contents were also collected for measurement of pH using (pH meter ion 510 series, 
OAKTON EUTECK instruments, Malaysia). Weights of kidney, spleen, liver, and 
empty stomach, and the length of the small intestine were recorded. 
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Sample preparation and chemical analysis 
 
Fecal samples were thawed and pooled for each individual animal. Fecal and 
feed samples were dried in a forced oven blower at 54
O
C for 48 h and ground using a 
blender to a particle size of 1 mm for DM (AOAC 2000 method 939.01). The N in the 
feed and feces and urine samples was determined using the Kjeldahl method (method 
976.05, AOAC, 2000; Kjeltec 2300 Analyzer, Foss, Höganäs, Sweden). Gross energy 
was determined using the Bomb Calorimetry method with the IKAR-WERKE c2000 
basic bomb calorimeter (IKA Werke GmbH & Co. KG, Staufen, Germany). Crude fat 
content of the diet was analyzed using ether extract method (AOCS Am 5-04) using 
ANKOM 
HCL
 hydrolysis system and ANKOM 
XT15
 Extraction system (ANKOM  
Technology, Macedon, NY). Samples were analyzed for NDF and ADF using a filters 
bag technique (ANKOM 2000 fiber analyzer, method 12 and 13, respectively; 
ANKOM Technology, Macedon, NY). Samples were ashed in a high temperature 
muffle furnace at 600 °C for 6 h. Acid insoluble ash (AIA) content of feed, and feces 
was determined (McCarthy et al., 1974).  
 
Five gram samples were weighed in duplicates into digestion tubes with 100 
ml of 4 N HCL along with 2 Kjeltabs (FOSS Analytical, Denmark). The samples were 
digested for 30 minutes at 150 °C using FOSS Tecator™ digestion system (FOSS 
Analytical, Denmark). The contents of the tubes were filtered through ash less filter 
paper (Whattman no.4) through a funnel. The filtrate was washed with boiling 
distilled water until the residue was free of acid. The pH of the residue was measured 
using litmus paper. Neutral filtrates were subjected to ashing in a muffle furnace at 
600 °C for 6 h (Isotemp Muffle Furnace, Thermo Fisher Scientific Inc., Hampton, 
New Hampshire) and the ash was weighed and AIA was calculated. Digesta samples 
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were centrifuged in Hermile z300 (Labnet international, Inc., Edison, NJ, USA) at 
1,400 g for 15 minutes immediately after the collection.  
The supernatant fluid was placed in a Brookfield DV-E viscometer 
(Brookfield Engineering Laboratories Inc., Middleboro U.S) to determine the 
viscosity of intestinal contents at a shear rate of 12.25 s
-1
 at 37 °C. Viscosity was 
measured in centipoises (cP) following the procedure of McDonald et al. (2001). 
All the six diets and 36 fecal samples were analyzed for DM, GE, CP, NDF, ADF, 
Ash and AIA (acid insoluble ash) and all analysis were done in duplicates after drying 
feed and fecal samples at 54
o
C for 48 h in an oven blower.  
Ileum samples were fixed in 10% neutral buffered formalin. Tissues were 
processed separately; paraffin-embedded tissue blocks were made and serially 
sectioned at 5 microns.  The slides were then stained with hematoxylin and eosin. The 
stained slides were scanned using an Aperio ScanScope CS digital slide scanner 
(Aperio Technologies, Inc. Vista, CA). The cross-section of ileum was examined 
histologically to determine villus height (µm) and crypt depth (µm). Approximately 
twenty-five linear measurements of both villus height and crypt depth were taken per 
pig using the Aperio image analysis algorithm framework software (Aperio 
Technologies, Inc. Vista, CA). These measurements were then averaged for each 
section respectively.   
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Calculation and statistical analysis 
 
Calculations of ATTD of energy, DM, CP, EE, ADF and NDF and the DE and 
ME ingredients were done by difference and regression method as outlined by 
Bolarinwa and Adeola  (2012). Apparent ileal digestibility (AID) values for AA were 
calculated by equation as described by Stein et al., (2007).   
Equation  
AID (%) = [1 –[(AAd/AAf) x (AIAf/AIAd)] * 100    
where AID is the apparent ileal digestibility value of an AA (%), AAd is  AA 
in the ileal digesta DM g/kg, AAf  is the concentration of AA in the feed DM (g/kg), 
AIAf is the AIA concentration in the feed DM (g/kg), and AIAd concentration in the  
ileal digesta DM (g/kg). 
 
Normality and  homogeneity of variance of variables were determined using 
the UNIVARIATE procedure of SAS (SAS Inst. Inc., Cary, NC).Data were analyzed 
by ANOVA using the PROC Mixed  SAS in a randomized complete block design 
with the individual pig as the experimental unit. The statistical model included 
treatment as the fixed effect and block as a random effect. When diet was a significant 
source of variation, treatment means were separated using the LSMEANS statement 
and multiple comparison was done by Tukey correction of PROC GLM. Statistical 
significance and tendency were considered at P < 0.05 and P < 0.1, respectively. 
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Result 
 
All pigs in both stages of growth readily consumed all the feed offered during 
the experiment. As expected, the CP concentration in the WDG and CDS diets was 
greater than control basal diet, similarly for other nutrients fat, ADF and NDF (Table 
2.3).  
Effects of feeding WDG and CDS on apparent total tract digestibility of nutrients in 
diets 
The apparent total tract digestibility (ATTD) of nutrients in diets is shown in 
Table 2.4. Pigs fed the 15% CDS and control diets had greater (P < 0.05) ATTD of 
dry matter and energy than those fed other diets. Among the 6 diets, the ATTD of 
energy was lowest in the 30% WDG group, whereas the 30% CDS group had the 
worst ATTD of nitrogen, ADF, and NDF. Inclusion of WDG and CDS led to decrease 
(P < 0.05) of ATTD of ash in comparison with the control diet. Nevertheless, pigs fed 
the 15% CDS and 15% CDS+15%WDG diets had higher (P < 0.05) ATTD of crude 
fat than the other 4 diets.  
Effects of feeding WDG and CDS on visceral organs  
 
The results of WDG and CDS on visceral organ weights are listed in Tables 
2.5, and 2.6. Inclusion of WDG (15%WDG, 30%WDG, and, 15%WDG + 15%WDG) 
tended (P < 0.1) to increase stomach weight, but addition of 30% WDG tended (P < 
0.1) to decrease spleen weight, when compared with the control group. During the 
experimental period, absolute and relative weights of liver, kidney, and length of the 
small intestine were not influenced (P > 0.05) by the dietary treatments. In addition, 
pH of stomach and ileal contents, viscosity of ileal digesta, and morphology of ileum 
(villus height, crypt depth, and their ratio) were not significantly affected (P > 0.05) 
by the diets.  
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Effects of feeding WDG and CDS on energy and nitrogen balance 
 
The results of WDG and CDS on energy and nitrogen balance are presented in 
Table 2.7. No significant difference (P > 0.05) in gross energy intake was observed 
among the diets except that pigs fed the 30% CDS diet had lower (P < 0.05) gross 
energy intake than those fed the 15% CDS diet. Fecal energy excretion of pigs fed the 
3 diets containing WDG was higher (P < 0.05) than animals fed the control diet, but 
there was no difference (P > 0.05) in fecal energy loss among the other diets.  
 
Energy loss via urine did not differ (P > 0.05) among the treatments. 
Compared with the control diet, inclusion of WDG or CDS led to a decrease (P < 
0.05) of apparent total tract digestibility of energy except for the 15% CDS diet. The 
ME to DE ratio was similar (P > 0.05) for the 6 diets, with an average of 95.4%. Pigs 
fed the 15% CDS and 15% WDG+15% CDS diets had greater (P < 0.05) nitrogen 
intake than animals fed the 100% CSBM and 30% CDS diets due to dietary nitrogen 
difference and feed intake. As for fecal excretion of nitrogen, the 30% CDS and 15% 
WDG+15% CDS groups were higher (P < 0.05) compared with the control, whereas 
pigs excreted similar (P > 0.05) amounts of nitrogen per day via urine. Apparent total 
tract digestibility of nitrogen for pigs fed the 30% CDS was about 10 percentage units 
lower than the other 5 groups (P < 0.05). Pigs fed the 15% CDS diet had greater (P < 
0.05) nitrogen retention efficiency in comparison with those fed the 100% CSBM, 
30% WDG, or 30% CDS diets. The 30% CDS group was the least efficient group in 
terms of nitrogen digestion and retention. Nevertheless, no difference (P > 0.05) in 
blood urea nitrogen was noticed.  
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Effects of feeding WDG and CDS on apparent ieal digestibility of amino acids in 
diets 
 
Apparent ileal digestibilities of amino acids are presented in Tables 2.8. Pigs 
fed the 30% CDS diet had significantly lower (P < 0.05) apparent ileal digestibility of 
methionine when compared with all other groups. No significant differences (P > 
0.05) in digestibility were noticed for other essential and nonessential amino acids 
among the 6 diets. 
 
Digestible and metabolizable energy and nutrient digestibility in WDG and CDS 
 
Digestible and metabolizable energy and nutrient digestibility in WDG and 
CDS are shown in Tables 2.9 and 2.10. On a dry matter basis, DE and ME for WDG 
are 2695 and 2322 kcal/kg, respectively, whereas DE and ME for CDS was 3244 and 
3041 kcal/kg, respectively. The ATTD of energy was 61% for WDG and 73% for 
CDS. The AID of nitrogen was 69.5 % and 56.8% for WDG and CDS, respectively. 
Compared with WDG, amino acid digestibility was lower in CDS, e.g. apparent ileal 
digestibility of lysine (75 % vs. 58%), methionine (74% vs. 41%), threonine (75% vs. 
50%), and tryptophan (78% vs. 48%).   
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Discussion  
 
The apparent total tract digestibility of gross energy in most distillers’ co-
products is lower than corn because of the greater concentration of fiber in the co-
products than in corn (Stein and Shurson, 2009). There is more information on 
DDGS, which is the dried form of the mixture WDG and CDS. However, there is 
limited report on WDG and CDS. The fiber in corn DDGS has a low digestibility in 
the small intestine and the fermentation in the large intestine is less than 50%, which 
may be the reason for the low digestibility of energy in distillers co-products 
(Pedersen et al., 2007a). This observation could be the reason in our current study 
where pigs fed 30% WDG showed lower  GE digestibility compared to basal diet, 
which ultimately had lower ME (2562) compared to basal diet ME (3088). 
The GE of the basal diet was higher than all dietary treatments except, pigs fed 
15% CDS had almost same energy digestibility as the basal diet, even though pigs fed 
30% CDS had lower ATTD of GE compared to basal diet.  The reason for the higher 
digestibility of pigs fed 15% CDS diet may be due to the lower fiber and higher fat 
content in CDS (NRC, 2012). Fat in CDS has been reported to be highly digestible 
(Squire, 2004). One would expect higher ATTD of GE in the diet containing 30% 
CDS, but our results showed lower GE digestibility in 30% CDS diet compared to 
CSBM diet. Squire (2005) reported from a preliminary study in which growing pigs 
were fed diets containing 0, 7.5, 15.0 and 22.5% CDS that feed palatability was 
reduced when the dietary inclusion level exceeded 15 %. Also a high concentration 
of potassium (1.50%) compared to its requirement for a growing pig (0.23-0.19%) 
(NRC, 2012) could be a reason for the lower digestibility, because pigs fed the higher 
level showed some signs of diarrhea during the study period. de Lange suggested that 
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CDS should also be formulated for concentration of potassium based on the pig’s 
requirement to avoid diarrhea (personal communication with de Lange).  
These observations may explain the reason that pigs fed 30% CDS diet had 
lower energy intake compared with pigs fed the 15% CDS diet. It has been suggested 
that the presence of ﬁber could reduce the digestion of protein and fat by increasing 
the endogenous secretions of protein and fat associated with the increasing microbial 
mass (Noblet and Perez 1993). With greater ﬁber content in the WDG diets compared 
with corn–soybean meal basal diet, it was expected that more energy would be 
excreted in the faeces and urine, thus making the energy values greater in the basal 
diet than WDG diets. It was also reported that energy digestibility was negatively 
aﬀected by the dietary ﬁber content, especially NDF (Noblet and Perez 1993). This 
may be the reason that in our experiment basal diet and diet with 15% CDS had 
greater energy digestibility compared with WDG diets and 30% CDS diet. 
 
The DE and ME values of WDG were 2695 and 2322 kcal/kg of DM, 
respectively; and the DE and ME values of CDS were 3244 and 3041 kcal/kg, 
respectively. CDS values are lower than the reported value in NRC (2012) which is 
3325 and 3198 kcal/kg respectively. One possible reason may be that oil removal after 
fermentation may reduce the lipid content in CDS and thus reduce the DE and ME 
concentrations. It has been suggested that the change of feed to water ratio results in a 
reduction of viscosity of the digesta and hence, allows for more interaction between 
digesta and digestive enzymes (Brooks, 1999). McDonald et al., (2001) increased the 
viscosity of pig intestinal contents with the inclusion of sodium carboxymethyl 
cellulose and observed villus atrophy and an increase in crypt depth in the small 
intestine. Villus atrophy and crypt hyperplasia are commonly related to temporary 
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decreases in digestive and absorptive capacity of the small intestine (Pluske et al., 
1997). Feeding liquid feed has been reported to improve villus / crypt ratio (van 
Winsen et al., 2001b; Scholten et al., 2002; Canibe and Jensen, 2003). In our 
experiment we did not observe significant differences in the viscosity of the ileal 
digesta, and no significant observation was noted on the intestinal villus and crypt 
depth for all the treatment diets.  
The weight of metabolically active organs such as the liver, kidney and heart 
has been found to be positively correlated with the CP content of the diet (Kerr et al., 
1995; Chen et al., 1999).  When pigs are fed high-protein diets, organ weights 
increase as do activities of many tissue enzymes. Anugwa et al. (1989) has reported 
elevated relative stomach weight in response to high dietary fiber, and increased 
relative liver and kidney weights in response to high dietary protein. Increases in the 
weight of these organs can be explained by the extra metabolic load to be performed 
by them as a result of higher protein intake (Koong et al., 1985, Chen et al., 1999).  
Energy expenditure by these metabolically active tissues such as liver, gut and 
kidneys is much higher than energy expenditure associated with the carcass 
(Baldawin el al., 1980), accounting for more than 50% of the energy expenditure by 
the whole animal (Smith, 1970).  It thus appears that high dietary fiber and protein 
indirectly increase the animal's maintenance requirement by causing a repartitioning 
of nutrients from the growth of the edible carcass to the visceral organs and 
consequently increasing visceral organ mass (Anugwa et al., 1989). In our experiment 
significant effect of   fiber or CP was not observed. The reason for this could be either 
the concentration of fiber or CP was not high enough to induce such effect or may be 
due to shorter duration of our experiment. 
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Amino acids absorbed in excess of that amount required for protein synthesis 
in the body are metabolized by the liver via transamination and deamination processes 
(Krebs, 1942). Deamination in the liver yields ammonia which is toxic and needs to 
get excreted from the liver through the blood in the form of urea, which contributes to 
BUN (Lehninger et al., 2005).  Blood urea nitrogen can be used as the indicator of 
quality, quantity and the biological value of protein in feed (Eggum, 1970).  In our 
experiment we did not observe significant difference in BUN among diets.  
 
Apparent Ileal Digestibility (AID) of AA 
In the current study, AID of AA in WDG was higher compared to CDS; 
similar report on wheat WDG and CDS has been shown by Sondergaard et al. (2012). 
Also similar observation suggested by Pahm et al. (2008) that greater CP 
concentration in DDG than in DDGS could  be a result of the lower CP concentration 
in distillers solubles(DS) than in DDGS in which case the CDS may have diluted the 
CP concentration in DDGS. It was also reported that the AA concentration of barley 
distillers solubles was at least 50% lower than in barley DDG (Näsi, 1985).Hence the 
lower AA AID in CDS could be justified simply that WDG has better source of AA 
than CDS (Sondergaard et al., 2012).   
The AA AID of WDG and CDS ingredient results in our experiment were 
relatively lower with high (SEM), but comparable to published result (Table 2.11). 
From these studies AID of AA in DDGS was lower than dried distillers grains 
(DDG), which is the dry form of WDG in our study (Pahm et al., 2008). Soares et al., 
(2001) reported higher lysine AID digestibility of corn DDGS than the liquid 
condensed solubles (LCS) (which corresponds to condensed distillers solubles in our 
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study). In another study by Soares et al. (2011), the AID and SID values of lysine and 
a few other AA (Table 2.11) were similar in LCS (SID lys: 63.1%) and DDGS (SID 
Lys: 61.5%), but the digestibility of most AA in LCS were less than the values in 
DDGS. In our experiment, Lysine AID of WDG and CDS were 74.78% and 57.98%, 
respectively. Where Lysine AID of WDG was higher than the value of lysine AID of  
DDGS reported by Soares et al. (2011) (AID Lysine 59%), they reported similar LCS 
AID of lysine (61 %) to our current finding Lysine AID 60.5%.  In our experiment the 
effect of not exposing WDG was expressed in lysine value (AID Lys 74.78%). Pahm 
et al. (2008) also reported higher lysine AID value of DDG (73.4), which is similar to 
our current finding. Possible reasons for the higher AID value of WDG, in a similar 
experiment, Pahm et al. (2008)   suggested the greater SID of CP and AA in DDG 
than in DDGS could be due to a greater AA digestibility in the whole stillage 
component than in the solubles. Similarly Näsi (1985) reported that the AID for CP 
was lower in solubles than in DDG. 
  Another possible reason for the higher lysine digestibility in WDG in the 
current experiment was that WDG are not exposed to drying which reduces lysine 
digestibility. The lower digestibility of lysine in DDGS is related to production units 
overheating the DDGS during drying, which results in the production of Maillard 
products resulting in low lysine digestibility (Pahm et al., 2008). In our experiment 
CDS was only subjected to evaporation not heat treatment comparable to production 
of DDGS or DDG.  
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Conclusion 
 
Higher fiber content had been observed to reduce energy digestibility in diets.  
WDG has a high level of NDF which could be the reason for lower digestibility diets 
containing 15% and 30% WDG. There is potential for improvement as the 
combination of these ingredients in the diets resulted in relatively better digestibility 
of AA and overall nutrients than individual ingredients. It has been generally 
concluded that AA digestibility is higher in WGD than CDS.  
Lysine digestibility was higher as expected for WDG because it was not exposed to 
drying. Drying reduces lysine digestibility.  CDS is a good source of fat, hence diets 
containing considerable amount of CDS showed higher energy digestibility. Higher 
level of CDS tends to affect digestibility of diets leading to lower digestibility of 
treatment diets containing 30% CDS. As previously mentioned in other studies, 
higher levels of CDS reduce performance. Care should be taken when formulating 
CDS. More research is required to explore the benefit of these ingredients as they 
could take part in reducing cost of feed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 59 
 
 
 
Table 2.4 Estimate of ATTD of diets containing ethanol co-products 
         
Item 
100% 
CSBM
1
 
15% 
WDG
2
 
30% 
WDG 
15% 
CDS
3
 
30% 
CDS 
 15% 
WDG+ 
15% CDS 
SEM P(value) 
DM 75.99
a
 67.77
b
 64.18
b
 73.44
a
 61.47
b
 67.04
b
 1.5 0.0001 
GE 74.85
 a
 65.95
b
 61.6
c
 74.87
a
 64.83
b
 68.46
b
 1.4 0.0001 
CP 73.48
 a
 71.17
a
 72.71
a
 73.21
a
 58.19
b
 72.83
a
 1.4 0.0001 
ADF 63.95
 a
 66.90
ac
 67.58
ac
 76.38
c
 46.73
b
 71.57
ac
 2.2 0.0001 
NDF 49.22
 a
 42.58
a
 36.09
a
 54.29
a
 21.88
b
 41.22
a
 2.5 0.0001 
ASH 72.22
 a
 59.42
b
 53.46
b
 62.07
ab
 51.99
b
 54.52
b
 2.8 0.0002 
FAT 23.45
b
 24.18
b
 20.95
b
 50.46
a
 35.59
b
 43.70
a
 1.0 0.0001 
1
CSBM = corn soybean-meal  
2
WDG = wet distillers grain  
3
CDS = condensed distillers solubles    
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Table 2.5 Effect of dietary treatments on ratio of final BW to organ weight and 
intestinal length 
 
                
Item 
100% 
CSBM
1
  
15% 
WDG
2
 
30% 
WDG 
30% 
CDS
3
 
15% 
CDS 
 15% 
WDG+ 
15% 
CDS 
SEM p (value) 
Final body wt. kg 58.79 59.02 58.79 57.96 57.42 60 2.33 0.98 
Stomach wt. (g/kg)  6.75 7.76 7.58 6.9 7.05 7.37 0.26 0.07 
Liver wt. (g/kg)  20.8 24.13 23.03 24.61 25.56 23.67 2.48 0.82 
Kidney wt. (g/kg)  4.95 4.77 4.42 5.32 5.23 4.82 0.24 0.13 
Spleen wt. (g/kg)  3.55 3.17 1.83 3.86 2.68 2.79 0.48 0.08 
Intestinal length 
(m/kg) 
0.28 0.27 0.26 0.27 0.26 0.27 0.01 0.81 
         1CSBM = corn soybean-meal        
2
WDG = wet distillers grain        
3
CDS = condensed distillers solubles        
*Values are ratio of organ weight to final BW      
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Table 2.6 Effect of treatment diets on pH, viscosity and morphology of GIT 
components 
     
Item 
100% 
CSBM
1
  
15% 
WDG
2
 
30% 
WDG 
15% 
CDS
3
 
30% 
CDS 
 15% 
WDG+ 
15% 
CDS 
SEM P(value) 
Stomach pH 3.41 3.81 3.20 3.90 3.10 3.52 0.69 0.91 
Ileal pH 6.53 6.61 6.80 6.60 6.69 6.63 0.11 0.61 
Ileal viscosity  2.28 2.26 2.55 2.58 2.43 2.27 0.28 0.92 
Villus height 
(um) 
625.3 594.9 581.8 583.3 626.7 619.3 39.6 0.92 
Crypt depth (um) 189.1 214.8 205.8 187.0 193.6 205.6 10.3 0.36 
Villus: Crypt 3.36 2.78 2.85 3.10 3.24 3.02 0.16 0.13 
1
CSBM = corn soybean-meal  
2
WDG = wet distillers grain  
3
CDS = condensed distillers solubles   
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Table 2.7   Energy and nitrogen balance of experimental diet (100% DM basis) 
                  
Item 
100% 
CSBM
1
  
15% 
WDG
2
 
30% 
WDG 
15% 
CDS
3
 
30% 
CDS 
 15% 
WDG+ 
15% 
CDS 
SEM 
p 
value 
Energy intake (Kcal)  8612a 9160 a 8607 a 
10238 
a 
7752 
b
 9653 a 432.9 0.007 
Energy in feces (Kcal) 2175
b
 3104
a
 3302
a
 2566
ab
 2728
ab
 3037
a
 179.2 0.002 
Energy in urine (Kcal) 41.4 71.93 65.07 70.59 71.27 6870 10.4 0.461 
DE of the diet (kcal/kg) 3212
ab
 2948b
c
 2699
c
 3341
a
 3035
b
 3155
ab
 64.6 0.001 
ME of the diet (kcal/kg) 3088
ab
 2827b
c
 2562
c
 3199a 2847
bc
 3008
ab
 70.7 0.001 
ME/DE 96.12 95.86 94.9 95.76 93.77 96.12 0.62 0.122 
ATTD of GE (%) 74.85
a
 65.95
bc
 61.60
c
 74.87
a
 64.83
bc
 68.46
b
 1.44 0.000 
         
N intake (g) 60.66
c
 70.89
bc
 74.65
abc
 84.94
ab
 61.60
c
 87.47
a
 3.45 0.001 
N feces (g) 16.19
b
 20.45
ab
 20.39
ab
 22.67
ab
 25.85
a
 23.77
a
 1.54 0.004 
N urine (g) 34.3 23.44 35.39 21.44 23.51 31.58 4.18 0.089 
N digested (g) 44.47
bc
 50.44
b
 54.25
ab
 62.27
a
 35.76
bc
 63.70
a
 2.56 0.001 
ATTD of N (%) 73.48
a
 71.17
a
 72.71
a
 73.21
a
 58.19
b
 72.83 1.36 0.001 
N retention 40.37
b
 53.44
ab
 41.52
b
 65.02
a
 33.64
b
 50.41
ab
 4.87 0.002 
         
4
ADWI, (l) 1.68 1.88 2.51 2.79 1.023 3.65 2.62 0.615 
         
5
BUN,  (mg/dL) 11.8 12.77 12.75 12.72 13.43 14.42 1.48 0.080 
1
CSBM = corn soybean-meal  
2
WDG = wet distillers grain  
3
CDS = condensed distillers solubles  
 
4
ADWI= average daily water intake                                                                   
5
BUN = blood urea nitrogen 
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Table 2.8 Apparent ileal digestibility (%) of AA in the dietary treatments 
                  
Item 
100% 
CSBM
1
  
15% 
WDG
2
 
30% 
WDG 
15% 
CDS
3
 
30% 
CDS 
 15% 
WDG+ 
15% 
CDS 
SEM P(Value) 
Indispensable AA 
 
   
  Arg 71.22 67.13 64.93 73.02 53.82 71.75 5.52 0.17 
Hist 65.03 62.16 66.22 53.87 55.56 64.04 7.59 0.75 
Ile 61.47 56.54 68.36 61.29 49.99 64.24 6.18 0.48 
Leu 57.84 63.75 70.92 58.31 47.80 65.37 5.54 0.10 
Lys 61.37 64.22 63.41 58.55 53.65 62.57 7.82 0.83 
Met 67.29
a
 66.31
a
 72.60
 a
 63.6
a
 45.9
b
 68.44
a
 5.20 0.03 
Phe 61.16 58.57 64.45 61.01 46.34 64.86 5.40 0.24 
Thr 52.28 56.18 66.57 56.19 49.67 58.32 6.53 0.49 
Trp 60.84 67.23 59.46 61.02 50.53 59.18 6.32 0.79 
Val 51.91 61.01 53.72 53.51 38.49 58.06 8.31 0.60 
Dispensable AA 
       Ala 51.42 56.61 60.28 52.27 40.49 58.90 6.44 0.32 
Asp 62.65 52.47 53.71 59.59 54.68 59.16 7.70 0.92 
Cys 56.17 52.69 62.88 56.33 44.98 56.01 4.64 0.60 
Glu 65.70 64.90 65.17 65.56 45.16 62.30 6.42 0.28 
Gly 32.40 29.87 45.48 43.78 35.76 42.60 2.11 0.08 
Pro 59.67 56.57 65.79 57.25 47.68 62.01 6.74 0.57 
Ser 57.57 62.22 58.41 57.27 42.41 60.35 6.65 0.50 
1
CSBM = corn soybean-meal  
2
WDG = wet distillers grain  
3
CDS = condensed distillers solubles  
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Table 2.9 Apparent ileal digestibility (%) of AA in ingredients of WDG and CDS 
(Means±SEM) 
  
 
    
Item WDG
1
  CDS
2
    
Indispensable AA 
   
Arg 75.12 ±16 70.88 ±13.2 
Hist 78.56±11.8 54.98±13.6 
Ile 73.77±13.7 53.39±17.5 
Leu 84.81±10.74 39.67±12.2 
Lys 74.78± 15.4 57.98 ±13.8 
Met 74.25±9.28 40.69±19.92 
Phe 80.53±14.92 62.92±16.01 
Thr 75.43±10.74 49.92±11.37 
Trp 78.05±21.76 48.37±19.23 
Val 57.48±17.53 38.78±22.59 
Dispensable AA 
   Ala 68.65±12.56 46.13±6.76 
Asp 56.22±3.49 49.12±9.99 
Cys 54.74±27.88 28.66±19.45 
Glu 77.80±15.66 44.56±11.75 
Gly 61.71±17.34 50.5±7.43 
Pro 67.71±13.75 44.53±6.42 
Ser 69.08±18.01 41.78±8.89 
1
WDG = wet distillers grain  
2
CDS = condensed distillers solubles  
 
 
 
 
 
 
 
 
 
 
 
 65 
 
Table 2.10 DE, ME, and ATTD energy digestibility in WDG and CDS 
      
Item WDG
1
  CDS
2
 
DE (kcal/kg) 2695 3244 
ME (kcal/kg) 2322 3041 
ATTD GE (%) 61 73 
1
WDG = wet distillers grain  
2
CDS = condensed distillers solubles  
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Table 2.11 Digestibility of CP, amino acids AID of WDG and CDS from the present 
study and    other comparable ethanol co-products from wheat and corn 
                  
 
 Corn Corn Wheat  Wheat Corn Corn Corn  Corn 
  WDG
1
  CDS
2
  CDS CDS DDGS
3
  LCS
4
  DDGS  DDG
5
  
Item 
present 
study  
present 
study  
Søndergaard  
et al., 2012 
Søndergaard  
et al., 2012 
Soares 
et al., 
2011 
Soares 
et al., 
2011 
Pahm 
et al., 
2008 
Pahm 
et al., 
2008 
CP 69.5 56.8 75 63.4 55.2 41.7 61.3 66.7 
Indispensable 
AA        
Arg 75.12 70.88 82 75.2 76.5 65 71.9 75 
Hist 78.56 54.98 79.9 74.5 74.4 71.5 76.3 81.3 
Ile 73.77 53.39 72.4 59.1 75 58.7 73.8 80.4 
Leu 84.81 39.67 78.8 71.6 81.8 57.8 82.1 84.4 
Lys 74.78 57.98 67.5 64.6 59.8 61 59 73.4 
Met 74.25 40.69 79 68.6 82.3 40.1 80.7 87.5 
Phe 80.53 62.92 84.5 76.9 80.1 60.4 77.9 83.4 
Thr 75.43 49.92 63.8 46.7 64.2 40.8 65.3 71.4 
Trp 78.05 48.37 
      
Val 57.48 38.78 73.7 60.9 71.9 58.8 73 77.5 
Dispensable AA 
       
Ala 68.65 46.13 70.5 65.1 73.2 52.8 74.3 78.1 
Asp 56.22 49.12 56.9 44.1 62.5 36.5 62.9 68.6 
Cys 54.74 28.66 73.7 58 68 47.5 71.1 77.2 
Glu 77.8 44.56 95 92.7 76.3 47 79.1 84.6 
Gly 61.71 50.5 67.4 54.4 31.3 8.2 38.7 40 
Pro 67.71 44.53 86.4 73.5 5.6 -94 6.8 11.5 
Ser 69.08 41.78 74.8 45.8 72.7 50.6 71.6 76.2 
WDG
1 =
 Wet distillers soluble, CDS
2 
= Condensed distillers solubles, DDGS
3 
= Dried 
distillers grain and solubles , LCS
4
 = liquid condensed solubles, DDG
5 
= Dried distillers grain 
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Chapter 3 
 
 
Effects of corn-ethanol co-products in a liquid feeding 
system on growth performance and carcass characteristics 
of wean to finish Pigs 
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 Summary 
 
The objective of the current study was to determine the ratio of wet distiller’s 
grains (WDG) to condensed distiller’s solubles (CDS) on the performance of wean to 
finish pigs fed via a computer-based automatic liquid feeding system. Two hundred 
and eighty early weaned pigs (18 ± 3 d old; Topigs 20 X Compart Duroc were 
blocked by initial BW (6.47 ± 1.4 kg) and allotted randomly to 1 of 4 dietary 
treatments (10 pigs/pen and 7 pens/treatment). The dietary treatments were: 1) corn-
soybean meal basal diet (CSBM) with 20% dried distiller’s grain with solubles 
(DDGS); 2) CSBM with 20% WDG; 3) CSBM with 17% WDG + 3% CDS; and 4) 
CSBM with 14% WDG + 6% CDS. The experiment began 2 weeks post-weaning to 
finishing (126 days on trial) using a 5-phase feeding program. The overall ADG was 
0.912, 0.934, 0.957, and 0.937 kg/d, ADFI on a dry matter basis 2.47, 2.2, 2.26, and 
2.24 kg/d, and gain to feed ratio 0.33, 0.37, 0.38, and 0.37, for treatments 1 to 4, 
respectively. Overall ADG was higher (P = 0.05) in the 17%WDG + 3%CDS 
compared with the 20%DDGS, but there was no (P > 0.05) difference in ADG among 
20%DDGS, 20%WDG and 14% WDG plus 6% CDS treatments. Additionally, WDG, 
17%WDG + 3%CDS and 14% WDG + 6% CDS had lower (P = 0.001) overall ADFI 
than DDGS fed pigs. Overall G: F of DDGS- fed pigs was less (P = 0.001) than pigs 
fed the other 3 dietary treatments. Final BW of 17%WDG + 3%CDS fed pigs was 
greater (P = 0.02) than pigs fed DDGS. Dietary treatments did not influence (P > 
0.05) BUN concentration and carcass characteristics. Thus, WDG and the 
combinations of WDG and CDS had a beneficial effect on growth performance 
compared with DDGS. 
 
Key words; Pig, liquid feeding, automated, growth performance,  
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Introduction  
 
  The form of feed is a very  important factor immediately after weaning as 
piglets are abruptly moved away from the sows and a predominantly liquid (sow’s 
milk) form of diet. Liquid feeding had been shown to alleviate nutritional stress level 
that usually occurs during transition from sow’s milk to dry feed (Plumed-Ferrer et 
al., 2005). Research studies have shown that liquid feeding can improve feed 
utilization and subsequent growth performance and feed digestibility (Russell et al., 
1996; Geary et al., 1998; Kim et al., 2001; Brook et al., 1996; Jensen and Mikkelsen, 
1998). The gut lumen of pigs is the site of absorption of nutrients, so a temporary 
starvation could cost a piglet reduction in villus height which affects absorption 
capacity in the gut (Pluske et al., 1996ab). Likewise, a diet that is palatable and 
acceptable by the newly weaned pig will guarantee adequate supply of nutrients to the 
brush border of the small intestine. 
However, the majority of these benefits have been documented in European 
research studies where pigs are fed barley and wheat based diets (de Lange, 2012). 
Research studies with liquid feed co-products, mostly come from food and dairy 
industries, have reported variable results. For example, Russell et al. (1996) and Kim 
et al. (2001) reported that liquid feeding improved growth performance compared 
with dry feeding. In contrast, Lawlor et al. (2002), found no benefits of liquid feeding 
on the growth performance of newly weaned piglets.  
Liquid feeding of newly weaned pigs using corn-based ethanol co-products 
has not been adequately studied. In various studies conducted at the University of 
Guelph, the feeding values of CDS, CSW and whey permeate have been broadly 
evaluated. They reported that use of CDS and CSW had less effect on growth 
performance and carcass quality when used at 15% or less diet DM content, while 
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whey permeate can increase growth performance at 20% inclusion of DM content in 
nursery diets (de Lange et al., 2006). Additionally WDG and CDS have been 
combined by ethanol industries with the aim of having a dry high quality ingredient. 
However, mixing of inconsistent ratios of WDG and CDS leads to variation in quality 
from batch to batch which changes the feed value, and creates apprehensions among 
nutritionists and directly impacts the economics of ethanol production (Kingsly et al., 
2010; Singh et al., 2001). The current project evaluated the effect of combinations of 
WDG and CDS on the performance of wean to finish pigs to determine feeding values 
for these corn ethanol by-products.  
 Therefore, the objectives of this project were to compare the performance and 
carcass characteristics in wean-to-finish pigs fed 20% DM from distillers’ dried grains 
with solubles (DDGS) to that of pigs fed a combination of WDG and CDS and also 
determine the optimal ratio of WDG to CDS. 
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Materials and Methods  
 
Experimental design 
 
The experimental protocol was reviewed and approved by the University of 
Minnesota Institutional Animal Care and Use Committee (IACUC # 1104A98947). 
The trial was conducted in the wean-to-finish facility at the University of Minnesota’s 
Southern Research and Outreach Center, Waseca, MN. 
A total of 280 pigs (Topigs 20 X Compart Duroc) borrow and gilts were 
weaned into the Southern Research and Outreach Center Swine Research Unit 
(Waseca, MN), in environmentally controlled rooms. Piglets were weaned at 18 ± 3 d 
of age at an average body weight of 6.47 ± 1.4 kg. Pigs were identified by ear-tags at 
weaning, blocked by body weight, and randomly assigned to 4 dietary treatments with 
7 pens per treatment and 10 pigs (5 barrows and 5 gilts) per pen using completely 
randomized block design. The four dietary treatments were: corn-soybean meal basal 
diet (CSBM) with 20% DDGS, CSBM with 20% WDG, CSBM with 17% WDG + 
3% CDS and CSBM with 14% WDG + 6% CDS Pigs were allowed to adapt to a 
common liquid diet for two weeks before starting the experiment. Pigs were fed 
according to a 5 phase feeding program (Table 3.1). Within each phase the 
experimental diets were formulated to meet or exceed nutrients requirements for wean 
to finish pigs (NRC, 2012).) All pens had concrete slats, a single liquid feeding trough 
with sensor on the side of the pen, and a water bowl with free access to water.  Pens 
provide 0.74 sq. m. per pig at a stocking density of 10 pigs per pen.   
In the current experiment liquid feeding system; Hydrojet computerized liquid 
feeding system (Big Dutchman, Germany) was used as a means to feed pigs. The 
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system is controlled with computer software, so feeding system was managed 
automatically. Once the feeding amount and feeding times is programed based on 
feed curves relating to pigs weight, feeding was automatically managed based on 
sensor information of individual trough and data on amount feed disappearance were 
recorded automatically. The dry portion, the ethanol co-products and water was mixed 
in a central unit mixer of the system. Once the system sends information on the 
amount of ingredients to prepare feed for specific treatment, feed is delivered to 
mixing tank via a computer controlled pipes. After mixing for few min feed is 
pumped via high pressure air through the pipes to individual trough based on the need 
of the number of pigs in a pen corresponding to their feeding curves. The computer 
control the feed preparation, feed mixing for individual pens and monitor weight 
changes of the mixing tank. The ratio of water to feed was set in the program and feed 
was delivered and prepared for each treatment after agitation using high pressure air 
pump. After every feeding the pipes were rinsed with high pressure water to clear any 
remaining feeds prior to preparation for another batch. Feed allowance was increased 
based on the feed curve that was related to estimated body weight. Pigs were fed 4-12 
times a day using the computerized liquid feeding system. For the first 2 phases pigs 
were fed the liquid diet of their respective treatment at 30% DM in the final mixture, 
but were offered 40% DM after phase two to maximize feed intake. Phases were 
transitioned by the computer controlled program. .  
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Sample and Data collection 
 
During the experimental period of 126 days, feed samples were collected 
during each dietary phases   for analysis. Pig’s body weights and water intake were 
recorded at the beginning and end of each diet dietary phase and feed disappearance 
was recorded on a daily basis by the system. Performance parameters were 
determined; average daily gain (ADG), average daily feed intake (ADFI), and feed 
conversion efficiency (G: F). Blood samples were taken on day 98 from one pig per 
pen and centrifuged at 1500 rpm for 15 min to get the serum for BUN analysis. 
Animals were observed daily for signs of morbidity and mortality, feed and water 
outages, and environmental temperature. Daily minimum and maximum temperatures 
were recorded each morning.  
 
Carcass evaluation  
 
At the end of phase 5, pigs were shipped to a commercial abattoir, Tyson 
Foods, Inc. where data on standard carcass measurements (dressing percentage, fat 
depth, loin depth, and lean percentage) were collected. 
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Chemical analysis 
 
All diets samples were analyzed for DM, gross energy (GE), CP, crude fat by 
acid hydrolysis (CF), neutral detergent fiber (NDF), acid detergent fiber (ADF), and 
ash content. All the analyses were done in duplicate.  Feed samples were dried at 54 
°C for 48h h in a forced oven. Dry matter was analyzed by AOAC (2000) method 
939.01. The CP was determined using Kjeldahl method (method 976.05, AOAC, 
2000; Kjeltec 2300 Analyzer, Foss, Höganäs, Sweden). Gross energy was determined 
by bomb calorimetry with a IKA WERKE c2000 basic bomb calorimeter (IKA Werke 
GmbH & Co. KG, Staufen, Germany). Crude fat was analyzed by the ether extract 
method (AOCS, 2009 method Am 5-04) using ANKOM XT15 extraction system 
(ANKOM Technology, Macedon, NY). Samples were analyzed for NDF and ADF 
using a filter bag technique (ANKOM2000 fiber analyzer, method 12 and 13, 
respectively; ANKOM Technology, Macedon, and NY). The total ash content of the 
samples was weighed before and after ashing in a high temperature muffle furnace at 
600 °C for 6h (Isotemp Muffle Furnace, Thermo Fisher Scientific Inc., Hampton, 
New Hampshire). 
Blood Urea Nitrogen  
Blood urea nitrogen was measured with the Stanbio Urea Nitrogen kit (BUN) 
Liquid- UVR (Stanbio laboratory, Boerne, Texas) using the method described by 
Sampson et al. (1980). A Thermo scientific Genesys 20 spectrophotometer was the 
used to read the absorbance. The spectrophotometer was calibrated at 340 nm with 
distilled water at zero absorbance. Absorbance was recorded in the spectrophotometer 
after 30 s and at exactly 60 s after first reading. Changes in the absorbance were 
recorded at these times to calculate the BUN. 
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Calculations  
 
Growth performance parameters, average daily gain (ADG), average daily 
feed intake (ADFI) and feed efficiency (G: F = ADG: ADFI) were calculated per pen 
on a weekly basis.  
Serum blood urea nitrogen was calculated by using the equation:- 
 Serum BUN (mg/dL) = (ΔA serum / ΔA standard)*30 
Where ΔA serum is the change/decrease in the absorbance of the serum sample, ΔA 
standard is the change/decrease in the absorbance of the standard and 30 was the 
concentration of the standard (mg/dL) used. 
 
Statistical analysis 
Pen was used as experimental unit. Data were subjected to analysis of variance 
(ANOVA) based on the general lineal model of procedure of SAS, version 9.2 (SAS 
Institute Inc., Cary, NC). Treatment and block were considered as a source of 
variation. Initial body weight was used as a covariant for growth performance data. 
Least squares means were separated by the PDIFF and Tukey’s test option. Statistical 
significance was measured at the 0.05 level.  
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Result  
 
The effect of co-products on performance of pigs is shown in Table 3.4. In 
phase 1 (d 0-14) there was no difference (P > 0.05) on ADFI among the dietary 
treatments. However, pigs fed 17%WDG + 3%CDS and 14%WDG + 6%CDS had 
significant higher (P < 0.05) ADG compared with pigs fed the 20%DDGS diet. Feed 
efficiency of the pigs fed diets containing WDG and/or CDS was improved (P < 0.05) 
by about 15% in comparison with the control group.  
In the second phase (d 14-35) pigs from the 17%WDG + 3%CDS group 
gained more (P < 0.05) than those from the control and 20%WDG group. No 
difference (P > 0.05) in ADFI and feed efficiency was observed among the 4 groups. 
During the third phase (d 35-56) dry matter intake of pigs in the control group as 
improved (P < 0.05) by approximately 16%, but feed efficiency was 7-14% more in 
the 3 groups compared to control diet. No difference (P > 0.05) in ADG was noticed 
among the treatments 
During the fourth phase (d 56-98) pigs in the control group ingested around 
15% more (P < 0.05) dry matter, but had similar (P > 0.05) ADG and G:F in 
comparison with the other 3 groups. In the fifth phase (d 98-126), pigs in the control 
group ate more and had worse feed efficiency than the remaining 3 groups (P < 0.05). 
In addition, pigs fed the 20%WDG diet and the 17%WDG + 3%CDS diet had higher 
(P < 0.05) ADG than animals fed the other 2 diets.  
Over the whole experimental period, pigs fed 17%WDG + 3%CDS had higher 
(P ≤ 0.05) ADG than pigs fed the control diet (0.96 vs. 0.91 kg/d). Furthermore, about 
10% reduction in dry matter intake and 15% improvement in feed efficiency for pigs 
fed diets containing WDG and/or CDS were noticed (P < 0.05) when compared with 
the control group. 
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Effect of liquid feeding on blood urea nitrogen, carcass characteristics and water 
intake  
 
The carcass characteristics and blood urea nitrogen are presented in Table 3.5, 
and water intake table 3.6. No difference (P > 0.05) was observed for dressing 
percentage, back fat depth, and lean percentage. Also no difference was observed (P 
< 0.05) on blood urea nitrogen and water intake among the 4 dietary treatments. 
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Discussion  
 
There is a paucity of information on liquid feeding using corn-ethanol plant 
co-products (WDG and CDS) in swine diets. The aim of this experiment was to 
determine the effect of incorporating WDG and CDS in a liquid feeding system for 
wean to finish pigs on growth performance and carcass characteristics and to 
determine the ideal ratio of WDG and CDS based on the performance results.  
Most reported studies compared liquid feed to dry feed and indicated 
improvements in growth performance, dry matter intake and nutrient utilization by 
liquid feed (Kim, 2001; Scholten et al., 1999; Brook, 2001). An increase in ADFI is 
associated with an increase in average daily gain. For instance, Jensen and Mikkelsen 
(1998), based on a review of several studies concluded that liquid feeding of newly 
weaned pigs resulted in 12% increase in ADG in comparison to dry feeding. In our 
experiment we did not compare dry and liquid feeding and all diets were fed in liquid 
form. We did compare the CDS and WDG with DDGS at different combinations. Pigs 
fed the diet containing 17% WDG and 3% CDS had the highest ADG during the 
wean-to-finish period (Table 3.4). Improving feed intake during the post-weaning 
period is very important for encouraging development of the small intestine and 
subsequent growth performance and in maintaining gut integrity and thereby 
preventing the “growth lag” associated with weaning (Deprez et al., 1987; Pluske et 
al., 1997). Improved ADFI as reported by Jensen and Mikkelsen (1998) was 
correlated with higher weight gain.  In our experiment we saw pigs on control 20% 
DDGS had significantly higher ADFI from Phase 3-5 but this was not reflected on 
ADG (table 3.4).  
In the present study, better feed efficiency and lower ADFI for the 3 test diets 
containing WDG and CDS may be mainly due to the fact that calculated ME, 
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expressed on a dry matter basis, of the 3 diets was higher compared with energy level 
in the control diet. Analyzed GE was lower for basal diet (Table 3.2) compared to 
other diets though showed lower efficiency, this could also be a possible reason for 
higher intake of pigs fed basal diet compared to the other 3 diets. Similarly calculated 
ME was lower for basal diet compared to test diets (Table 3.3). 
Another possible reason could be wastage of feed by pigs fed on DDGS based 
basal diet, because only feed disappearance was measured not wastage. Feed 
disappearance was measured by the system automatically which is engineered to 
make sure most of the feed supplied would be consumed before another batch of feed 
is delivered to the trough with information from sensors detecting amount of feed left 
in trough. Improved feeder design may help decrease feed wastage. Partridge et al. 
(1992) found that feed conversion was unaffected by liquid feeding when an 
experimental automated liquid feeder that dispensed feed and water at a ratio of 1:1 
was used. Brooks et al. (1996) also found that feed conversion of pigs offered liquid 
feed was similar to that found for pigs offered dry pelleted feed when the feeder 
design was improved. In our experiment the liquid to feed ratio was kept at 2.3: 1 for 
the first two phases then later decreased to 1.5: 1 to increase feed intake. 
 
The benefits of liquid feeding pigs have long been reported with, wheat and 
barley based diets were used (Brooks et al., 2001). Even though other studies show no 
advantage of growth performance of newly weaned pigs when fed liquid diet 
(Pedersen et al., 2005; de Lange et al., 2006), it is possible that there are greater 
benefits of liquid feeding based on wheat and barley diets than corn based diets. 
Compared with ground wheat and barley, ground corn has rather distinctive physical 
and nutritional features, such as high bulk density, rapid settling when suspended in 
water, low water binding capacity, high starch and low fiber, and no endogenous 
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phytase activity (de Lange, 2012). In terms of nutrient digestibility and digestible 
energy content, wheat and barley have lower nutritional value than corn (NRC, 2012).  
It is therefore, possible that the feeding value could be improved for liquid feed 
soaked for short periods before feeding, especially with fibrous and lower digestibility 
ingredients (de Lange, 2012). In our experiment we did not apply any soaking 
technique to improve nutritional value. Pigs were fed fresh co-products from the plant 
and preservatives were added to prevent molding.  
In a similar experiment done at the University of Minnesota (Baidoo et al., 
2014), where co-products were fed in liquid form, 30% DDGS as a control and 
combination of WDG and CDS where studied for a wean to finish growth 
performance study. The result showed no performance benefits for pigs fed on the 
control diet versus pigs fed on the wet/liquid co-products. But pigs fed on 25% WDG 
plus 5% CDS showed 5% increase in efficiency compare to control 30% DDGS. This 
is similar to our current findings where pigs fed on diet 3 (17% WDG + 3% CDS) had 
higher efficiency compared to pigs fed on control diet 1(20% DDGS).  
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Conclusion 
 
In conclusion, our results indicate that 17%WDG + 3%CDS is the best 
combination among the 4 treatments tested under our experimental conditions. Pigs 
fed on test diets had better overall ADG compared to pigs fed on control diets 
20%DDGS in all phases. Liquid co-products from ethanol industries could be cheaper 
alternatives to dry forms like DDGS, which could reduce cost of feed for swine 
producers. Also for ethanol plant industries, it reduces the cost of energy spent on 
drying to make DDGS. Feed intake was higher for pigs fed on the control diet (20% 
DDGS) which needs further investigation because we did not observe the increase in 
feed intake being reflected in conversion efficiency. More research is required to 
achieve thorough explanation. Application of liquid feeding has considerable appeal 
as it allows the usage of cheap co-products.   
From our study we showed that ethanol co-products; WDG and CDS, in wet 
form could be viable for both the swine producer and ethanol plant industries as it 
reduces energy expenditure for drying. Automated liquid feed is a new technology in 
North America especially in US, one higher potential for liquid co-products 
production from ethanol industry in the Midwest, where most of ethanol industries are 
located,, this opportunity needs to be explored for the  betterment of swine producers. 
Automated liquid feeding systems have long been used for piglets after weaning 
which has a positive benefit during transition after weaning and ultimately health and 
wellbeing of the animal. Using liquid feed also benefits the environment by utilizing 
co-products that will otherwise, could have been an environmental concern if not 
utilized.  
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Table 3.1 Feed ingredients composition of the four treatment diets  
 
                                        
  Phase 1     Phase 2       Phase 3   Phase 4     Phase 5     
Ingredients, % 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
Corn 43.8 35.5 35.6 35.7 56.4 44.2 41.4 41.4 59.8 47.0 47.6 47.6 59.7 42.9 42.9 42.9 59.7 47.6 47.6 47.6 
cDDGS 20 - - - 20 - - - 20.0 - - - 20.0 - - - 20.0 - - - 
Liquid CDS - - 3 6 - - 3 6 - - 3.0 6.0 
  
3.0 6.0 
 
- 3.0 6.0 
Wet Distillers 
Grains - 20 17 14 - 20 17 14 - 20.0 17.0 14.0 
 
20.0 17.0 14.0 
 
20.0 17.0 14.0 
SDPP 1.5 1.5 1.5 1.5 
    
- - - - 
 
- - - 
 
- - - 
Whey Powder 8 8 8 8 - - - - - - - - 
 
- - - 
 
- - - 
SBM, (47.5% CP) 18 24 24 24 18 26 28.5 28.5 16.0 24.0 24.0 24.0 16.0 27.1 27.1 27.1 16.0 24.0 24.0 24.0 
Choice White 
Grease 2 4 4 4 0.5 4.5 5 5 1.0 5.0 5.0 5.0 1.0 5.6 5.6 5.6 1.0 5.0 5.0 5.0 
Fishmeal 3 3 3 3 1 1 1 1 - - - - 
 
- - - 
 
- - - 
Limestone 0.9 0.7 0.7 0.7 1.1 0.8 0.9 0.9 1.1 1.0 0.8 0.8 1.1 0.9 0.9 0.9 1.1 0.8 0.8 0.8 
Dicalcium 
phosphate 0.2 0.7 0.73 0.6 0.7 1.2 1.15 1.15 0.7 1.5 1.2 1.2 0.7 1.9 1.9 1.9 0.7 1.2 1.2 1.2 
Lysine HCL 0.6 0.5 0.5 0.5 0.4 0.4 0.2 0.2 0.5 0.5 0.4 0.4 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.4 
DL-Methionine 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.2 
L-Threonine 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 
L-Tryptophan 0.03 0.02 0.02 0.02 0.01 - - - - - - - - - - - - - - - 
Salt 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3 0.3 0.3 0.3 
Nursery Vit-TM 
mix 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
  
- - 
 
- - - 
 
- - - 
Vit-TM mix 
  
- - 
    
0.3 0.4 0.2 0.2 0.5 0.3 0.3 0.3 0.5 0.2 0.2 0.2 
Zinc Oxide 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 - - - - 
 
- - - 
 
- - - 
Mecadox 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 - - - - 
 
- - - 
 
- - - 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
1= 20% DDGS, 2= 20% WDG, 3= 17%WDG + 3%CDS, 4=14%WDG + 6%CDSThe vitamin and trace mineral premix provided the following (per kg of diet):  vitamin A, 
11,000 IU; vitamin D3, 2,756 IU; vitamin E, 55 IU; vitamin B12, 55µg; riboflavin, 16,000 mg; pantothenic acid, 44.1 mg; niacin, 82.7 mg; Zn, 150 mg; Fe, 175 mg; Mn, 60 
mg; Cu, 17.5 mg; I, 2 mg; and Se, 0.3 mg. 
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Table 3.2 Analyzed composition of dietary treatments (DM basis) 
      Dietary treatments       
  20%DDGs   20% WDG 
Phases 1 2 3 4 5 
 
1 2 3 4 5 
GE 4013 3980 3966 4001 3975 
 
4219 4209 4241 4206 4135 
CP 20.83 19.61 17.40 17.80 19.22 
 
23.74 21.44 18.84 19.57 
19.5
9 
Fat 5.12 5.39 4.17 5.89 6.93 
 
7.55 7.88 9.18 8.04 6.85 
ADF 5.14 4.76 4.92 4.33 4.22 
 
4.87 5.55 6.05 5.74 5.72 
NDF 10.41 12.03 14.56 13.79 12.80 
 
8.81 10.44 13.08 10.12 9.42 
Ash 4.40 4.70 4.36 4.49 5.03   4.28 4.64 4.17 4.38 4.98 
               Dietary treatments    
17%WDG +3% CDS   14%WDG+6%CDS 
Phases 1 2 3 4 5 
 
1 2 3 4 5 
GE 4179 4168 4200 4165 4095 
 
4138 4127 4160 4125 4054 
CP 23.54 21.24 18.64 19.38 19.40  23.35 21.05 18.45 19.18 
19.2
0 
Fat 7.41 7.74 9.05 7.91 6.71 
 
7.28 7.61 8.91 7.77 6.57 
Ash 4.52 4.88 4.41 4.62 5.22 
 
4.76 5.12 4.65 4.86 5.46 
ADF 4.42 5.11 5.61 5.29 5.28 
 
3.98 4.66 5.16 4.85 4.83 
NDF 7.62 9.25 11.89 8.94 8.23 
 
6.43 8.07 10.70 7.75 7.04 
    
       
             1= 20% DDGS, 2= 20% WDG, 3= 17%WDG + 3%CDS, 4=14%WDG + 6%CDS 
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Table 3.3 calculated composition of dietary treatments (DM basis) 
      Calculated analysis of treatments       
  20%DDGs   20% WDG 
Phases 1 2 3 4 5 
 
1 2 3 4 5 
ME 3209 3209 3262 3256 3255 
 
3360 3370 3404 3423 3425 
CP 18.8 18.8 17.5 17.5 17.5 
 
23.5 22.0 20.7 21.8 20.7 
ADF 5.6 5.6 5.6 5.6 5.6 
 
6.0 6.4 6.3 6.4 6.4 
NDF 11.2 11.2 11.3 11.3 11.3 
 
13.3 14.1 14.1 14.0 14.2 
            
                  
 
      
  17%WDG+3%CDS   14% WDG+6%WDG 
Phases 1 2 3 4 5 
 
1 2 3 4 5 
ME 3365.3 3409.6 3429.1 3427.7 3429.2 
 
3373.1 3409.6 3432.6 3431.4 3433.0 
CP 23.3 22.6 20.5 21.6 20.5 
 
23.1 22.6 20.3 21.4 20.3 
ADF 5.5 5.5 5.9 5.9 5.9 
 
5.0 5.5 5.4 5.4 5.4 
NDF 12.0 11.4 12.8 12.7 12.8 
 
10.7 11.4 11.5 11.4 11.5 
1= 20% DDGS, 2= 20% WDG, 3= 17%WDG + 3%CDS, 4=14%WDG + 6%CDS 
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Table 3.4 Effects of dietary treatments on pig growth performance 
   
 
     Dietary treatment     
Growing phase 
(20 % 
DDGS) 
20 %   
WDG 
17 % WDG + 3 
% CDS 
14 % 
WDG + 6 
% CDS 
SEM P Value 
 
Body weight (BW), kg 
 
Initial BW 9.95 9.73 9.81 9.94 6.52 0.68 
Day 14 15.75 15.85 16.39 16.47 6.68 0.12 
Day 35 30.38 
a
 30.51 
a
 32.07 
b
 31.57 
b
 1.45 0.03 
Day 56 51.73 51.48 52.99 52.19 2.15 0.58 
Day 98 100 97.04 99.94 99.63 2.59 0.17 
Day 126 125 
a
 127 
ab
 130 
b
 128
 ab
 2.8 0.02 
 
Average daily gain, kg/day 
 1
Day 1-14 0.39 
a
 0.42
 ab
 0.44 
b
 0.44 
b
 0.01 0.01 
Day 14-35 0.69 
a
 0.70 
a
 0.75 
b
 0.72 
ab
 0.01 0.04 
Day 35-56 1.02 1.00 1.00 0.98 0.02 0.85 
Day 56-98 1.15 1.08 1.12 1.13 0.02 0.20 
Day 98-126 0.87 
a
 1.06 
b
 1.07 
b
 0.98 
ab
 0.06 0.01 
2
Day 1-126 0.91 
a
 0.93 
ab
 0.96 
b
 0.94 
ab
 0.02 0.05 
 
Average daily intake (kg/day, DM basis) 
 
Day 1-14 0.70 0.66 0.69 0.69 0.02 0.55 
Day 14-35 1.35 1.36 1.41 1.35 0.03 0.56 
Day 35-56 2.14 
a
 1.85
 b
 1.90
 b
 1.88
b
 0.05 0.01 
Day 56-98 3.10 
a
 2.62
 b
 2.67
 b
 2.70
 b
 0.07 0.01 
Day 98-126 3.59  3.33
 
 3.38
 
 3.35
 
 0.77 0.11 
Day 1-126 2.47 
a
 2.2
 b
 2.26
 b
 2.24
 b
 0.08 0.01 
 
Feed conversion efficiency (gain : feed intake (DM basis)) 
 
Day 1-14 0.48 
a
 0.55 
b
 0.56 
b
 0.55 
b
 0.01 0.01 
Day 14-35 0.45 0.45 0.47
 b
 0.47 0.01 0.44 
Day 35-56 0.42 
a
 0.48 
b
 0.46 
b
 0.45 
b
 0.01 0.01 
Day 56-98 0.33 0.37 0.37 0.37 0.01 0.07 
Day 98-126 0.21 
a
 0.28 
b
 0.28 
b
 0.25 
b
 0.01 0.01 
Day 1-126 0.33 
a
 0.37 
b
 0.38 
b
 0.37
 b
 0.01 0.01 
 
        
1
Days on trial with in phase, 
2
average of the whole trial period, 
ab,
 Means within a row 
without common letters differ (P ≤ .05). Pigs were 18 ± 3 d old before at start of trial. 
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Table 3.5 Effects of dietary treatments on carcass characteristics and blood urea 
nitrogen 
       
         Dietary treatment     
Carcass characteristics  
20% 
1
DDGS 
20%   
2
WDG 
17% WDG + 
3% CDS
3
 
14% 
WDG + 
6% CDS 
SEM P Value 
       Dressing (%) 74.1 73.62 72.99 73.24 0.42 0.41 
Fat depth (mm) 21.51 20.11 21.35 21.82 0.52 
0.34 
Loin depth (mm) 70.77 70.51 71.98 71.85 0.62 
0.43 
Lean (%) 54.78 55.08 55.02 54.88 0.15 0.59 
      
 
Blood urea nitrogen 
(mg/dL) 
12.42 11.95 14.08 13.64 1.34 0.62 
1
DDGS = distillers dried grains with solubles 
2
WDG = wet distillers grains 
3
 CDS = condensed distillers solubles 
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Table 3.6  Effects of  dietary treatments on  water intake (l/d) 
  
 
      Dietary treatment     
Phases  20% DDGS1 
20%  
WDG
2
 
17% WDG 
+ 3% CDS
3
 
14% 
WDG + 
6% CDS 
SEM P(Value) 
       
*D(0-14) 12.33 13.21 14.9 8.59 3.95 0.72 
D(14-35) 12.16 13.9 17.43 11.79 2.62 0.58 
D(36-56) 13.13 13.82 17.25 16.6 2.69 0.76 
D(56-98) 14.33 15.16 17 16.41 2.84 0.68 
D(98-126) 15.23 12.81 16.87 17.62 3.14 0.61 
Overall 13.44 13.78 16.69 14.2 2.23 0.73 
       *Days of trials with in one phase 
1
DDGS = distillers dried grains with solubles 
2
WDG = wet distillers grains 
3
 CDS = condensed distillers solubles 
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Chapter 4 
Summary 
Liquid feeding is an alternative feeding strategy to dry feeding. It can use co-
products from food industries, milk processing, and candy, bakery and ethanol 
industries. There are several advantages of feeding pigs in liquid form as compared to 
dry form, such as improved gut health, use of inexpensive co-products from the food 
and bio-fuel industry, flexibility and ease of feed delivery, and manipulation of 
feeding value of ingredients with enzymes and microbial inoculants (Scholten et al., 
1999; Brooks et al., 2001; Van Winsen et al., 2001).  Liquid feeding had been very 
popular in Europe, where they use wheat and barley as basal diet. More than 30% pig 
farms in Europe employ automatic liquid feeding systems (Brooks, 2001).  
In the past decades liquid feeding has been gaining interest in North America. 
In Ontario, Canada for example 20% of grow to finish pigs are raised on liquid 
feeding (SLF, 2007). Based on the established facts of liquid feeding, two 
experiments were done to assess the advantage of liquid feeding under US conditions, 
where there are abundant liquid products from ethanol industries.  In the US the 
ethanol co-products are corn based unlike the European condition.  The experiments 
were conducted to explore advantages of these ethanol co-products in automated 
liquid feeding system. The first experiment was done to evaluate the nutritional 
composition and digestibility of energy and nutrients in these co-products. Results 
showed that these co-products have comparable digestibility values which could be of 
economic value to swine production. The second experiment was done to determine 
the level of WDG to CDS in growth performance and carcass characteristics in wean 
to finish pigs.  Results show that a mixture of 17% WDG and 3% CDS showed better 
performance compared to the control. Over all pigs fed on these co-products showed 
good performance.  
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Appendix 
 
Table 4.1 Average amount of doses given to pigs before slaughter  
        
Diet BW (kg) Telazol (mg/kg) 
Na Pentobarbital 
(mg/kg) 
100%CSBM
1
 129.33 3.50 7.00 
15%WDG
2
 129.83 2.67 8.50 
30%WDG 129.33 2.83 8.00 
15%CDS
3
 126.33 2.58 6.33 
30%CDS 127.50 3.17 6.33 
15%WDG+15%CDS 132.00 2.58 7.17 
    1CSBM = corn soybean-meal 
2
WDG = wet distillers grain 
3
CDS = condensed distillers solubles 
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Table 4.2 Performance study room temperature range 
  
 Days on trial 
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Table 4.3 Effect of dietary treatment diets on organ weights and intestinal length 
     
 
    
Item 
100% 
CSBM
1
  
15% 
WDG
2
 
30% 
WDG 
15% 
CDS
3
 
 
   30%     
WDG 
 15% 
WDG+ 
15% 
CDS 
SEM 
P 
(Value) 
Stomach weight (kg)   0.40 0.46 0.44 0.41 0.40 0.443 0.02 0.05 
 
Liver weight (kg) 1.20 1.41 1.36 1.44 1.45 1.413 0.12 0.69 
 
Kidney weight (kg) 0.29 0.28 0.28 0.31 0.26 0.3 0.29 0.39 
 
Spleen weight (kg) 0.21 0.19 0.11 0.16 0.22 0.165 0.03 0.06 
 
Intestine length (m) 16.36 15.81 15.19 14.78 15.29 15.848 0.58 0.45   
1
CSBM = corn soybean-meal 
2
WDG = wet distillers grain 
3
CDS = condensed distillers solubles  
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
